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The Change of Winds >> 


As the combined effects of Antarctic strato- 
spheric ozone depletion and climate warm- 
ing have forced the westerly surface winds 
in the Southern Hemisphere to shift 
toward the pole, mixing between the 
upper ocean and deeper waters has 

also changed. Waugh et al. (p. 568) 

now show that water originating at the 

surface at subtropical latitudes is mix- 

ing into the deeper ocean at a higher 
rate than 20 years ago, while the reverse 
is true for those originating at higher 
latitudes. The summer westerly winds 
that blow in the Southern Hemisphere have 


shifted toward the South Pole over the past sev- 
eral decades, but why? Lee and Feldstein (p. 563) 
show that greenhouse gas forcing and ozone depletion 


impart different signatures to wind patterns and conclude 
that ozone depletion has been responsible for more than half of the observed shift. 


Exploiting Carbon 
Nanotubes 


Individual defect-free carbon nanotubes can 
have exceptional mechanical, thermal, and 
electrical properties, which has led to specula- 
tion on a wide range of potential applications. 
However, challenges in growing large quantities 
of pure nanotubes, and for some applications 
tubes of only one type, have limited their wide- 
spread use. De Volder et al. (p. 535) review 
the efforts that have been made to scale up car- 
bon nanotube production and discuss a number 
of applications where enhanced materials have 
made use of carbon nanotubes. 


The Third Way 


Because organic carbon contains a larger frac- 
tion of the light isotope #C than inorganic car- 
bonate, variations in the carbon isotopic record 
of sedimentary rocks are thought to represent 
changes in the amount of organic carbon buried 
as sediments (and thus removed from the rest 
of the carbon cycle). Schrag et al. (p. 540; see 
the Perspective by Canfield and Kump) suggest 
that historically a third component was impor- 
tant: authigenic carbonate. Authigenic carbon- 
ate is not produced in any appreciable quantity 
today, but was much more abundant when the 
level of atmospheric oxygen was low. 


Not Just Wasting 


Malnutrition is well known in Malawi, including 
a severe form—kwashiorkor—in which children 
do not simply waste away, they also suffer edema, 
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liver damage, skin ulceration, and anorexia. 
Smith et al. (p. 548; see the Perspective by 
Relman) investigated the microbiota of pairs of 
twins in Malawian villages and found notable 
differences in the composition of the gut mi- 
crobiota in children with kwashiorkor. In these 
children, a bacterial species related to Desul- 
fovibrio, which has been associated with bowel 
disease and inflammation, was noticeable. 
When the fecal flora from either the healthy 
or the sick twin was transplanted into groups 
of germ-free mice, the mice that received the 
kwashiorkor sample started to lose weight, like 
their human counterpart. 


Nanoscale NMR with 
Diamond Defects 


Although nuclear magnetic resonance (NMR) 
methods can be used for spatial imaging, the 
low sensitivity of detectors limits the minimum 
sample size. Two reports now describe the use of 
near-surface nitrogen-vacancy (NV) defects in 
diamond for detecting nanotesla magnetic fields 
from very small volumes of material (see the 
Perspective by Hemmer). The spin of the defect 
can be detected by changes in its fluorescence, 
which allows proton NMR of organic samples 
only a few nanometers thick on the diamond 
surface. Mamin et al. (p. 557) used a combina- 
tion of electron spin echoes and pulsed NMR 
manipulation of the proton spins to detect the 
very weak fields. Staudacher et al. (p. 561) 
measured statistical polarization of a population 
of about 10? spins near the NV center with a 
dynamical decoupling method. 
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The Power of the 
Collective 


Sensing the environment is generally 
considered to require significant cogni- 
tive sampling and comparison, not to 
mention time. However, species that do 
not necessarily have the cognitive ability, 
or the time, have also proven to be quite 
adept at sensing and evaluating their 


that in shiners, a species of schooling fish, 
mere attraction to, and movement toward, 
neighboring individuals allows the group to 
track preferred darkness in a variable-light 
environment. 


Phage Invasion 


Bacteriophages are responsible for much of 
bacterial evolution, both by imposing selection 
for resistance to infection and by horizontal 
gene transfer of host genes to new bacteria. 
However, we know surprisingly little about the 
initiation of phage infection. Hu et al. 

(p. 576, published online 10 January) used 
high-throughput cryo— 
electron tomography 
and sub-volume 
analysis to examine 
Escherichia coli mini- 
cells infected with both 
wild-type and mutant 
T7 bacteriophages. 
High-resolution views 
of phage structures 

at different stages of 
infection reveal the de 
novo formation of an 
extended tail by the ejection of internal head 
proteins, in order to form the channel for DNA 
transport into the cytoplasm. 


Dissecting Microtubule 
Stability 


Microtubule-stabilizing agents (MSAs), like 
taxol, inhibit cell division and are widely used 
in cancer chemotherapy. Prota et al. (p. 587, 
published online 3 January) present structural 
data on the molecular mechanism of action of 
antimitotic drugs. Tubulin structures in complex 
with the MSAs zampanolide and epothilone A, 
revealed a general mechanism for how MSAs 
promote microtubule assembly and stability by 
affecting lateral tubulin interactions. 
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environment. Berdahl et al. (p. 574) show 


487 


Downloaded from www.sciencemag.org on January 31, 2013 


CREDITS: (TOP LEFT) MARK SANCHEZ; (BOTTOM LEFT) TOM KOCHEL,; (RIGHT) ISTOCKPHOTO.COM 


Janet Coffey is a pro- 
gram officer with a 
focus on science learn- 
ing at the Gordon and 
Betty Moore Founda- 
tion, Palo Alto, CA, and 
a former faculty mem- 
ber in science educa- 
tion at the University of 
Maryland, College Park, 
MD. E-mail: janet. 
coffey@moore.org. 


Bruce Alberts is Editor- 
in-Chief of Science. 


Improving Education Standards 


THIS MONTH, ACHIEVE, AN ORGANIZATION ESTABLISHED BY THE 50 U.S. STATE GOVERNORS 
to improve academic standards and testing, will begin finalizing its draft document (released 
in January 2013) of the Next Generation Science Standards (NGSS).* This document aims to 
establish new common standards for science education for students aged 5 to 18 in the United 
States, and it explicitly builds on the U.S. National Academies’ 2011 Framework for K-12 
Science Education. + The Framework put forth a vision of science education that is notable for 
emphasizing student participation in key science and engineering practices, such as asking 
questions and defining problems; developing and using models; engaging in argument from 
evidence; and learning cross-cutting concepts such as energy and matter, cause and effect, 
and structure and function. To allow room for these in the school day, the Framework stressed 
the importance of minimizing the number of disciplinary core ideas that standards require to 
be taught. Now that the NGSS document has entered its final revision 
stage, it is important to ask how well these standards match the power- 
ful vision for them that was laid down by the Framework. 

There is much to be commended in the draft. In particular, its 
emphasis on science and engineering practices could lay the ground- 
work for productive shifts toward helping students understand how 
science helps us make sense of the natural world, instead of just what 
science has learned. But the sheer volume of content referenced in the 
Framework moves to the foreground in the NGSS draft and threatens to 
undermine this promise. Any emphasis on practices requires a science- 
rich conceptual context, and certainly the core ideas and cross-cutting 
concepts presented are useful here. However, the draft contains a vast 
number of core disciplinary ideas and sub-ideas, leaving little or no 
room for anything else. In the three grades of middle school (ages 11 
to 13) alone, the NGSS draft specifies more than twice the disciplinary 
content than did the 1996 National Science Education Standards. Thus, before finalizing the 
new standards, we urge Achieve to quickly convene small groups of the nation’s best teachers 
at the primary, middle-school, and high-school levels. Although teachers have been involved in 
the writing effort, their new charge should be to bring ground truth to the NGSS by determin- 
ing the maximum number of disciplinary core ideas that can be covered in a single school year, 
while still leaving time for a productive focus on practices and cross-cutting ideas. And scien- 
tists should immediately be charged with prioritizing the disciplinary core ideas in the current 
draft (and their performance expectations) to reduce them to a more feasible number. 

The welcome shift in priorities to teaching science and engineering practices along with the 
content brings an assessment challenge. The NGSS draft document addresses this challenge by 
delineating many performance expectations. However, current measurements and approaches 
do not allow these types of performances to be assessed easily; it is much more difficult to 
evaluate the quality of such engagement than to determine the accuracy of an explanation or 
a word definition. Urgently needed is a vigorous R&D agenda that pursues new methods of 
and approaches to assessment. This will be difficult but critically important long-term work. A 
systematic commitment to the wrong quantitative measures, such as the inexpensive multiple- 
choice testing of factoids, may well result in the appearance of gains at the tremendous cost of 
suppressing important aspects of learning, attending to the wrong things in instruction, and 
conveying to students a distorted view of science. Outstanding scientists must be willing to 
work side by side with measurement specialists and science educators to develop methods for 
evaluating what is important to measure, after completing the short-term task of prioritizing and 
reducing the number of disciplinary core concepts in the new standards. 

— Janet Coffey and Bruce Alberts 


10.1126/science.1225590 


*www.nextgenscience.org/next-generation-science-standards. 
thttp://www7.nationalacademies.org/bose/Standards_Framework_Homepage.html. 
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ECOLOGY 
Changes at the Core 


Airborne pollen grains deposited in sediments—particularly in undisturbed lake beds— 
are a crucial element in understanding how vegetation and its constituent species respond 
to changing climates. Research on the high-altitude lake sediments from the Bogota basin 
in the Colombian Andes has produced a rich record of climate and vegetation over the 
Quaternary period. In particular, two deep sediment cores obtained in the late 1980s have 
provided detailed information on climatic fluctuations and vegetation change. However, 
interpretation of the record has been hampered by uncertainties. Torres et al. now present 
a new analysis of these cores, in which many of the technical challenges concerning the 
chronology have been addressed. The development of the Andean forest and high-altitude 
paramo vegetation—the uniquely Andean biome that occurs above the treeline and has 
evolved de novo with the uplift of the Andes—was shown to be a dynamic process, with 
ephemeral associations of plant species continually fluctuating over the past 2 million 
years as temperatures rose and fell with glacial cycles. This unbroken record provides 
further evidence that plant communities at any given point in time often have no analog, 
in terms of species composition, with past or future associations of species. — AMS 

Quat. Sci. Rev. 63, 59 (2013). 


show that PUMA is intrinsically unstructured, 
but that its BH3 domain folds upon binding to a 
hydrophobic groove in BCL-xL. NMR spectroscopy 
and x-ray crystallography showed that PUMA 
binding caused partial unfolding of two helices 
in BCL-xL. Although PUMA forms complexes with 
other anti-apoptotic complexes, it did not induce 
similar structural perturbations in these proteins. 
Structural data suggested that a m1-stacking 
interaction between Trp-71 of PUMA and His-113 
of BCL-xL was key to the destabilization of regions 
of the BCL-xL structure. Thus, the p53 apoptotic 
pathway is activated by regulated unfolding of an 
anti-apoptotic protein. — VV 

Nat. Chem. Biol. 10.1038/NCHEMBIO.1166 (2013). 


Signaling by Unfolding 


In response to DNA damage, nuclear p53, a 
tumor suppressor, induces expression of the p53 
up-regulated modulator of apoptosis (PUMA). 
PUMA in turn regulates the activity of cytosolic 
p53. In the cytosol, p53 is sequestered by the 
anti-apoptotic protein BCL-xL, a member of the 
BCL-2 family of anti-apoptotic proteins. PUMA 
disrupts this interaction and frees p53 to initi- 
ate apoptosis. BCL-2 proteins are composed of 
BCL-2 homology (BH) domains, and PUMA is 

a single—BH domain protein. Follis et al. used 
NMR spectroscopy and biophysical methods to 


Downstream Discharge 


Wastewater has the potential to serve as 
a renewable source of energy, nutrients, 
and clean water. However, most waste- 
water is treated minimally to remove 
pathogens and organic matter and 
released into the environment. In highly 
urbanized, developed areas, a single riv- 
er may receive discharged effluent from 
several wastewater treatment plants, so 
that a sizable fraction of the downstream 
water is recycled wastewater. By studying 
two rivers in and around Chicago, Drury 
et al. showed that although wastewater 
effluent released into rivers may meet 
water quality standards, it can have 
an impact on downstream ecosystems. 
Discharged effluent resulted in increased 
nutrients such as nitrate and phosphate 
in the water column and, perhaps 
surprisingly, decreased sediment organic 
matter. The downstream sediments showed 
decreased bacterial abundance and diversity, 
shifting from communities that included sulfate- 
reducing bacteria to communities dominated 
by nitrate-oxidizing bacteria. Although the 
two rivers have very different biological and 
chemical properties upstream of the wastewater 
treatment plants, they were homogenized to the 
point where they were nearly indistinguishable 
downstream. — NW 

Appl. Environ. Microbiol. 
10.1128/AEM.03527-12 (2013). 


RNA Methylation and Metabolism 


The methylation—and demethylation—of 
DNA play an important role in the dynamic 
regulation of gene expression and in genome 
stability. RNA in eukaryotes is also methyl- 
ated on the A base (m‘A), the most abundant 
posttranscriptional modification of mammalian 
mRNA. The modification is known to have 
biological function in meiosis and sporulation 
in yeast and potentially in RNA processing in 
mammalian cells. 

Zheng et al. identify a mammalian RNA 
demethylase, ALKBH5, that is capable of 
removing the m°A mark from RNA both in vitro 
and in vivo. The ALKBH5 protein localized to 
nuclear speckles and associated with specific 
mRNA processing factors there, and also 
affected mRNA export, with both functions 
requiring the ALKBHS demethylation activ- 
ity. A knockout of the ALKBH5 gene in mice 
resulted in reduced male fertility and revealed 
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that the demethylase influences the expression 
of many genes, including key genes involved 
in spermatogenesis, resulting in defects in 
spermatogenesis and aberrant apoptosis in 
the testes of the mutant male mice. Thus, the 
dynamic methylation and demethylation of 
RNA, like DNA, may play an important role in 
gene regulation. — GR 


Mol. Cell 49, 18 (2013). 


MICROBIOLOGY 
Probing the Microbial Mix 


In the past decade, it has become appar- 
ent that we are colonized by microbes that 
probably shape many of our most important 
physiological processes. Much of the work has 
taken a metagenomics approach—character- 
izing what microbes are there and what genes 
they express. Maurice et al. now go one step 
further and begin to investigate how our mi- 
crobial inhabitants respond to pharmacologi- 
cal perturbations. A combination of single-cell 
analysis by flow cytometry, DNA sequencing, 
and metatranscriptomics revealed that the 
bacteria within the human gut vary with 
respect to membrane integrity, polarization, 
and metabolic activity. Metabolic activity was 
enriched in Firmicutes, whereas Bacteroidetes 
were less metabolically active. Exposure 
to both antibiotics and host-targeted 
drugs resulted in alterations in 
the physiology, structure, and 
gene expression profile of the 
bacteria. An increase in genes 
associated with resistance, 
stress responses, and me- 
tabolism was observed after 
antibiotic treatment. These 
results represent an important 
step toward understanding on 
a broad scale how specific per- 
turbations affect our microbial 
communities. — KLM 

Cell 152, 39 (2013). 


CHEMISTRY 
Keeping Pigments in Sync 


It has been clear for decades that photosynthesis 
involves an intricate chain of energy transfer 
steps, channeling the energy in light absorbed 
by dedicated pigments to a central complex that 
chemically splits water. Over the past 7 or 8 
years, the advent of two-dimensional electronic 
spectroscopy has offered an increasingly detailed 
understanding of how the transfer process works. 
In particular, the data suggest a persistence of 
quantum-mechanical coherence—essentially a 
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steady phase relationship in electronic excitation 
across the donors and acceptors that facilitates 
efficient transfer-—for a much longer time than 
the complex molecular structure of the system 
would seem to allow. The underlying mechanism 
for sustaining coherence has remained somewhat 
mysterious and subject to debate. Tiwari et al. 
have modeled the transfer process in a framework 
that allows mixing of vibrational and electronic 
excitation, and they find that anticorrelated 
vibrations across the associated proteins (i.e., 
contraction on one side concurrent with extension 
on the other) could mediate electronic dynamics 
that give rise to the spectral signatures observed 
in the experiments. They further note that certain 
pigment vibrational frequencies match the as- 
sociated electronic energy gaps, lending further 
plausibility to this mechanism. — JSY 

Proc. Natl. Acad. Sci. U.S.A. 110, 1203 (2013). 


OCEAN SCIENCE 
Runoff in the Arctic 


The Arctic is a bellwether region for climate 
change, with temperatures there increasing at 
approximately twice the global average rate. That 
rapid temperature rise has caused widespread 
melting of sea ice, land ice, and permafrost which, 
along with greater amounts 
of precipitation, have 
increased the flux of 
fresh water into 
northern high- 
latitude seas. 
This enhanced 
freshwater in- 
put has many 
important 
effects on the 


namely, on sur- 
face salinity, tem- 
perature structure, 
biological productivity, 
and carbon sequestration. 
To determine the distribution of con- 
tinental runoff in the Arctic Ocean over the past 
decade, Fichot et al. developed an optical proxy 
for terrigenous dissolved organic matter, which 
they implemented using remote sensing of ocean 
color from space. By measuring the amounts of 
dissolved organic matter in the ocean's surface, 
they illustrate how runoff has changed over the 
past decade across the entire pan-Arctic region. 
This approach should be an important tool for 
monitoring the effects of climate change on this 
high-latitude region. — H]S 
Sci. Rep. 3, 1053 (2013). 
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Mount Elizabeth, Antarctica 1 


No Survivors in Antarctic 
Plane Crash 


The wreckage of a Twin Otter aircraft that 
went missing in the Antarctic was found 
near the summit of a mountain in the Queen 
Alexandra mountain range, about 700 kilo- 
meters from both the South Pole and the 
United States’ McMurdo Station. The plane, 
which was to be used as part of Italy’s polar 


research program, crashed on 23 January, but 
bad weather prevented rescuers from reach- 
ing it for several days. The three Canadian 
crew members that were aboard the plane are 
all presumed to have died in the crash. Why 
the plane crashed was still unclear when 
Science went to press. Citing poor weather 
conditions, on 28 January officials with the 
United States Antarctic Program and Ant- 
arctica New Zealand jointly chose to recall 
search-and-rescue teams from the site and 
delay efforts to recover any remains until the 
next Antarctic research season. 


Washington, D.C. 2 
Sandy Relief for Hurricane Hunters 


Hurricane researchers are about to get some 
new wings. The U.S. Senate on 28 January 
approved a $50.5 billion bill designed to help 
people recover from last year’s superstorm 


Sandy. It includes more than $250 million to 
help the National Oceanic and Atmospheric 
Administration (NOAA) replace and repair 
buoys, radars, and other research assets dam- 
aged by the storm, as well as to strengthen 
weather and coastal science programs 
designed to track future storms. The total 
includes $111 million to cover an expected 
data gap when several weather satellites die 
over the next few years, $50 million for the 
agency’s cooperative research programs in 
northeastern states, and $44.5 million to put 
new wings on two of NOAA’s aging Orion 
“hurricane hunter” aircraft. 


Cairo 3 


Polio Virus Spreads From 
Pakistan to Egypt 
Egyptian and international health offi- 
cials are on high alert after poliovirus from 
Pakistan was discovered in sewage water 
collected during routine sampling in Cairo 
in December. Genetic sleuths linked the 
Cairo poliovirus to one last seen in Sindh 
Province in Pakistan in September 2012, 
the World Health Organization (WHO) 
reported last week. How the virus got to 
Cairo is unclear—people can carry the virus 
asymptomatically when they travel—but the 
analysis, conducted by the U.S. Centers for 
Disease Control and Prevention, suggests 
that it made the leap in the past few months. 
Egypt has not had a case of polio since 2004. 
So far, no polio cases have been detected 
in Cairo, and there is no evidence that the 
virus is circulating widely. But the risk that 
this imported virus could spark an out- 
break there is real, says Bruce Aylward, 
who runs the global polio eradication effort 
from WHO in Geneva, Switzerland. Emer- 
gency vaccination campaigns are slated 
for Cairo and the rest of the country in the 
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next few weeks. Meanwhile, Pakistan, one 
of just three countries where polio is still 
entrenched, is under even more pressure to 
stamp out the virus within its borders. 
http://scim.ag/polioEgypt 


Taipei 4 
‘Richer-Than-Nobel’ Science 


Prize Comes With a Twist 


A Taiwanese tycoon has established a new 
science prize that will not only pay out 
more than the Nobel Prize but will support 
research as well. Individuals or institutions 
that have demonstrated the most creative 
and influential research in four fields will 
receive about $1.36 million, while an addi- 
tional $341,000 will support a plan pro- 
posed by recipients to support research and 
develop talent in a related area over 5 years. 
(The Nobel Prize amount for 2012 was 
about $1.2 million.) 

The Tang Prizes, named after China’s 
Tang Dynasty, will be awarded biennially for 
work in sustainable development, biophar- 
maceutical science, sinology (excluding 
literary works), and rule of law. Samuel Yin, 
who made a fortune in diversified real estate, 
financial, and retail investments, is endow- 
ing the prize. Academia Sinica, which over- 
sees Taiwan’s premier research labs, will be 
responsible for the nomination and selection 
process. The first prize announcement is set 
for July 2014. 


Whillans Ice Stream, Antarctica 5 


U.S. Mission to Whillans Ice 
Stream a Success 


AUS.-based team announced on 28 Janu- 
ary that it had successfully retrieved its first 
samples of sediment and water from the 
Whillans Ice Stream, a body of water sealed 
nearly a kilometer below the Antarctic ice. 
The interdisciplinary project is looking for 
subglacial microbial life, and also study- 
ing the continent’s climate history and 

ice sheet dynamics. The samples of sedi- 
ment and basal ice from beneath the water 
are expected to help scientists understand 
whether subglacial lakes act to stabilize or 
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destabilize the West Antarctic Ice Sheet. 

The team is the second of three research 
groups this season to achieve its goal of 
retrieving samples from some of the conti- 
nent’s mysterious buried waters. In Decem- 
ber, a British Antarctic Survey team seeking 
to penetrate subglacial Lake Ellsworth was 
forced to pull the plug on its mission due to 
technical problems. Last month, a Russian 
team nabbed its first sample from subglacial 
Lake Vostok. 


NEWSMAKERS 


Three 0's 


Biotechnologist Hayat 
Sindi received her Ph.D. 
from the University of 
Cambridge and was a 
visiting scholar at Har- 
vard University before 
returning to Saudi Arabia in 2011 to create 
an institute to promote science and entrepre- 
neurship. She’s one of the first 30 women to 
be appointed to the country’s 150-member 
Shura Council, which advises the govern- 
ment on science and technology. 


Q: What issues are you hoping to address as 
a council member? 

H.S.: I’m [geared] toward entrepreneurship 
and how we can encourage our youth to be 
innovative. Also, I’m interested in women’s 
issues. So I’m going to concentrate on inno- 
vation, scientific research, youth, and women. 


Q: How do you see the role of science in the 
Middle East and around the world? 

H.S.: Science was born to solve problems, to 
€ look at how to improve quality of life. What 

e I’m trying to figure out is how can I make sci- 
ence affordable and accessible to everybody? 


N PRIZE FOUNDATION (3); U.S. SENATE 


: What does having women on the Shura 
Council mean for women in Saudi Arabia? 
H.S.: This is the best thing to happen [for 
2 Saudi women] since women were permitted 
* to study. Women look at different problems 
with different angles, in terms of economics 
or science or health or social studies. We can- 
not ignore [their] contribution. 
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z Deep-Sea, Semiconductor 

5 Research Net Japan Prizes 
Research at the bottom of the sea and wiz- 
ardry in semiconductor clean rooms have 
5 netted this year’s Japan Prizes, among the 
5 world’s top science and technology awards. 
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Each category carries a 50 million yen 
($550,000) award, which laureates will 
receive along with medals at a ceremony in 
Tokyo in April. 

Marine ecologist J. Frederick Grassle 
of Rutgers University in New Brunswick, 
New Jersey, won for his studies of deep-sea 
hydrothermal vent ecosystems and organ- 
isms. He also helped launch the Census of 
Marine Life, intended to catalog the diversity 
of marine life, and the Ocean Biogeographic 
Information System, which is used in marine 
conservation efforts. 

Chemists Grant Willson, now of the Uni- 
versity of Texas, Austin, and Jean Fréchet, 
of King Abdullah University of Science 
and Technology in Thuwal, Saudi Arabia, 
won for developing chemically amplified 
resists: photosensitive materials that allow 
semiconductor makers to shrink integrated 
circuits for microprocessors and memory 
chips, such as those in personal computers 
and mobile phones. 
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Astrophysics Over Antarctica: Balloon Breaks Flight Record 


1 FEBRUARY 2013 


Now on its third orbit around the South Pole, a NASA scientific balloon has broken the 
record for the Longest-flying balloon of its size. As it soars at an altitude of 39,000 meters— 
about the same stratospheric height from which daredevil Felix Baumgartner completed 
his record-breaking space dive last October—the balloon wields an instrument called the 
Super Trans-lron Galactic Element Recorder (more pithily known as Super-TIGER), which 
measures heavy elements in the flux of high-energy galactic rays that bombard Earth. 
Super-TIGER, which launched on 8 December 2012 from a site near McMurdo Station, 
had stayed aloft for 46 days when Science went to press, shattering the previous record of 
41 days for a long-duration scientific balloon, set in 2005. The team plans to continue fly- 
ing it for another week or so to bring it closer to McMurdo before ending its flight. 


NIH Loses a Senate Champion 


The National Institutes of Health (NIH) will 
lose one of its longtime champions with the 
upcoming retirement of Senator Tom Harkin 
(D-IA). Last week, Harkin announced he 
would not seek a sixth term, ending a 40-year 
congressional career. 

Harkin is currently chair of the Senate 
panel that sets funding levels for NIH, and 
he also chairs the committee that over- 
sees federal policies in health, education, 

and labor. He teamed up 
with his then-Republican 
counterpart, Arlen Specter 
y of Pennsylvania, to win a 
Y doubling of the NIH budget 
from 1998 to 2003. He and 
gy) Specter also led an effort 
to include $10.4 billion for 
NIH in the 2009 stimulus package. 

With Specter, Harkin also sponsored 
legislation in the 2000s that would have 
expanded federal funding for research on 
human embryonic stem cells. But Harkin 
didn’t always please scientists: In the 1990s, 
he pushed to create NIH’s National Center for 
Complementary and Alternative Medicine, 
which critics claim wastes money testing 
fringe treatments. http://scim.ag/Harkinret 
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Random Sample 


Independents Follow Where the Wind Blows 


U.S. voters who straddle the political fence—self-identifying as indepen- 
dents who lean neither left nor right—are most susceptible to short-term 
temperature fluctuations when it comes to whether they believe humans 
are causing climate change, according to a new study. 

Sociologist Lawrence Hamilton of the University of New Hampshire 
(UNH), Durham, used data from some 5000 random telephone interviews 
of New Hampshire voters conducted over a 2.5-year span. The interview- 
ers asked voters about their political affiliations and views on climate 
change—whether it’s happening and, if so, whether it is “caused mainly by 
human activities.” The poll also asked the voters to rate their political affili- 
ation (on a scale of one to seven, with four representing independents). 

Then, Hamilton and UNH geographer Mary Stampone compared the 
answers to temperature and precipitation data collected across the state. 
They found no pattern associated with precipitation. Temperature was 
another story. Whereas Democrats and Republicans tended to stick to their 
beliefs regardless of how hot or cold it was, independents were strongly 
influenced by temperature (see graph). When interviewed on unseason- 


Belief in anthropogenic climate change by temperature and party (n = 4897) 
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ably warm days, independents tended to agree that humans are caus- 
ing climate change. On unseasonably cool days, they tended to think the 
opposite, the team reported last month in Weather, Climate, and Society. 
It's a striking graph, Hamilton notes. “If ever a logia regression plot 
could go viral, that might be the one.” But the pattern is not totally unex- 
pected, he says. Past studies have shown that “minor experiential things,” 
such as room temperature, can alter how subjects answer a question. 
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FINDINGS 


With Genomes, Pecking Away 
At Pigeons’ Plumage 


For centuries, bird breeders have cultivated 
pigeons with a startling variety of colors, 
feather arrangements, and behaviors, creat- 
ing about 350 breeds that compete to be the 
fastest, longest-flying, or most beautiful. 
Now, Michael Shapiro, 
an evolutionary biolo- 
gist at the University of 
Utah in Salt Lake City, 
and his colleagues have 
tracked down the muta- 
tion leading to one of the 
pigeon’s more osten- 
tatious traits: its head 
crest, which ranges from 
a simple peak to a hood of plumage. Using 
the pigeon genome newly sequenced by BGI 
in Shenzhen, China, Shapiro and colleagues 
found that the presence of a crest of any sort 
is determined by a gene called EphB2, they 
report online this week in Science. Now, 
researchers can look to see if this gene leads 
to head crests in wild birds. “The work now 
puts the spot on pigeons ... [and] may attract 
other scientists to start using pigeons as 
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models,” says Hans Ellegren, an evolution- 
ary biologist at Uppsala University in Swe- 
den who was not involved with the work. 
http://scim.ag/pigeonplum 


Paradox Lost 


Last April, Masud Mansuripur, an electrical 
engineer at the University of Arizona in 
Tucson, claimed classical electrodynamics 
and relativity can lead to a paradox. Now, 
four physicists say in comments in press 

at Physical Review Letters that they have 
resolved the contradiction. 

Mansuripur’s paradox posited an electric 
charge sitting near a magnet. In the “refer- 
ence frame,” where both are stationary, they 
don’t interact. But, in the “moving frame,” 
where they glide together, the magnet feels 
a twisting torque, according to both relativ- 
ity and the standard formula for electric and 
magnetic forces. Yet the magnet can’t spin in 
one frame and not in the other—so the force 
formula must be wrong, Mansuripur argues. 

But, others say, relativity demands that the 
magnet possess “hidden angular momen- 
tum,” which, in the moving frame, constantly 
increases. So the torque in that frame feeds 
the hidden angular momentum instead of 
spinning the magnet. Problem solved. 

Mansuripur says hidden momentum is an 
ill-defined concept that papers over the prob- 
lem. But Daniel Vanzella of the University of 
Sao Paulo in Sao Carlos, Brazil, says it’s bed- 
rock relativity, “not an ad hoc invention put in 
to reconcile things.” http://scim.ag/Lorpara 
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Genes the Secret to Surviving 
A Siberian Winter 


Frigid Siberia has been home to humans for 
tens of thousands of years, including Homo 
sapiens and Neandertals. A study of today’s 
Siberian peoples, presented last month at the 
Unravelling Human Origins meeting in Cam- 
bridge, U.K., finds that their genes may help 
them adapt to cold conditions. 

Alexia Cardona, a graduate student at 
the University of Cambridge, and her col- 
leagues analyzed 200 DNA samples from 
10 indigenous Siberian populations and 
looked for genes that might correlate with 
cold adaptation. 

Using techniques that detect natural selec- 
tion in the human genome—that is, genetic 
variants favored by evolution because they 
helped humans 
survive and repro- 
duce—Cardona 
found evidence for 
such variants in three 
genes in the Siberian 
populations. One 
gene, called UCP/, 
helps convert fat 
directly into heat to 
keep the body warm. 
A second, called ENPP7, is implicated in the 
metabolism of fats from meat and dairy prod- 
ucts. And a third gene, PRKG1, is involved in 
smooth muscle contraction, key to shivering 
and the constriction of blood vessels to avoid 
heat loss. http://scim.ag/coldgenes 
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RESEARCH FUNDING 


Graphene and Brain Projects 
Win European Jackpot 


BRUSSELS—There was no champagne and 
no Academy Awards-—style ceremony, not 
even flowers for the winners, when Neelie 
Kroes, the Dutch vice president of the Euro- 
pean Commission, announced the outcome of 
the biggest research funding competition in 
Europe’s history here on 28 January. 

The low-key proceedings were in stark 
contrast to the massive hopes riding on two 
futuristic projects that may now get up to 
€1 billion each—one to study a promising 
new material called graphene, and the other 
to model the entire human brain. The proj- 
ects, Kroes promised, would help to “keep 
Europe as the home of scientific excellence” 
and “fertilize the green shoots of economic 
growth” in the struggling union. “Today,” she 
added, “there aren’t just two winners, there are 
500 million winners.” 

The anointment marked the end of a gru- 
eling process during which six international 
teams had produced extensive research plans 
for the Future and Emerging Technologies 
Flagship Initiatives, as well as elaborate PR 
campaigns. The two winning groups will now 
enter into negotiations with the commission to 
agree on the exact research plan. 

Yet doubts and questions remain. Some 
neuroscientists are surprised that the Human 
Brain Project, a controversial effort to inte- 
grate data from tens of thousands of papers 
published in the field every year, came out on 
top. The selection process, opaque even to the 
winners, has frustrated some participants, and 
it’s unclear whether the promised €1 billion in 
funding will materialize; it could be far less. 

The Flagship Initiatives were created to 
fund two large-scale projects with a “vision- 
ary goal.” The four that did not make it to the 
finish included an ambitious effort to model 
society, called FuturICT, in order to predict 
financial crises or revolutions; a computer- 
generated “virtual patient” to test therapies; 
a new generation of user-friendly robots for 
the home; and a project to develop “guardian 
angel” chips that would monitor people and 
environments and warn of impending dangers 
(Science, 4 January, p. 28). 

For Henry Markram of the Swiss Federal 
Institute of Technology in Lausanne, who 
heads the Human Brain Project, the announce- 
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ment was a personal triumph. Critics have 
dismissed the effort to recreate the human 
brain in silico as misguided and a possible 
diversion of money from more immediate 
research questions in neuroscience (Science, 
11 November 2011, p. 748). Rather than divide 
the field, Markram says he hopes to unite it 
by bringing everything that’s known in neu- 
roscience together. “At the moment, everyone 
is digging in his little corner,” he says. “We 
are asking the whole world of neuroscience to 
come together.” 

The success of Graphene, a project led by 
Jari Kinaret of Chalmers University of Tech- 
nology in Gothenburg, Sweden, was less of 


have volunteered to commit anything. Still, 
Kroes said that she was “nearly certain” the 
€1 billion promise would be fulfilled. 

Scientists are still scratching their heads 
over the selection process. “The goalposts 
kept moving and that was very frustrating 
at times,” Kinaret says. Dirk Helbing of the 
Swiss Federal Institute of Technology in Zur- 
ich, who coordinated FuturICT, says planning 
“disruptive technologies” 10 years ahead isn’t 
really possible to begin with. What the Flag- 
ship Initiatives asked of scientists, he says, 
is, “Please write down how you would start a 
company like Microsoft or Facebook.” 

In the end, two of the six proposals short- 
listed in 2011 weren’t even asked to defend 
their proposals before an expert panel that 
made the final cut last December. “After [we 
spent] more than a year and €1.5 million on 
writing a detailed research plan, they should 
at least have invited us and listened to us,” 
says Hans Lehrach, coordinator of the virtual 
patient proposal. Wolfgang Boch, who coor- 
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a surprise. The plan is to develop new appli- 
cations for graphene, which is made up of 
single layers of carbon atoms; the research 
is expected to lead to innovative products 
such as better batteries or flexible electron- 
ics. Among the partners are groups from more 
than 50 universities in 17 countries, but also 
companies such as Airbus and Nokia. 

Kinaret isn’t sure, however, of what exactly 
his group has won. Over the first 30 months, 
each project will receive only €54 million— 
an amount that Kinaret says disappointed 
many of his collaborators. “We thought the 
budget would be higher,” he says. Funding is 
supposed to ramp up to €100 million a year 
per project, but that depends on Europe’s 
new science and innovation program, Hori- 
zon 2020, and its uncertain budget (Science, 
16 November 2012, p. 872.) Moreover, the 
European Union is counting on member states 
to provide half the money; few countries so far 
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dinates the initiatives at the European Com- 
mission, says the two projects simply didn’t 
surpass a scoring threshold set by the panel. 

Still, even the losers expect a payoff from 
their blood, sweat and tears. The Guardian 
Angels project has announced that it will live 
on with funding from its consortium. Futur- 
ICT, too, hopes to build on the momentum and 
visibility from crafting its proposal. “This has 
brought together social scientists, engineers, 
and other scientists in an unprecedented way,” 
Helbing says. “But the most important thing 
was that Europe dared to do this at all.” 

That’s a sentiment echoed by Anne Glover, 
chief scientific adviser to the European Com- 
mission. Europe has a problem translating 
research into technological leadership, she 
says; the Flagship Initiatives try to address 
that. “Is this the right thing to do? I don’t 
know. Should we try it? Absolutely!” 

—-KAI KUPFERSCHMIDT 
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NUCLEAR PHYSICS 


If Budget Woes Continue, Panel Says 
DOE Should Shut Last U.S. Collider 


BETHESDA, MARYLAND—This week a com- 
mittee of nuclear scientists recommended 
that the cash-strapped Department of 
Energy (DOE) shut down the last grand U.S. 
atom-smasher, the Relativistic Heavy Ion 
Collider (RHIC) at Brookhaven National 
Laboratory in Upton, New York. The clos- 
ing would be necessary to free up money 
for a new nuclear physics facility, says a 
report to DOE’s Nuclear Science Advisory 
Committee (NSAC). 

But the physicists whose project, the 
Facility for Rare Isotope Beams (FRIB), 
came out on top in the committee’s report 
aren’t gloating. Along with the rest of the 
nuclear physics community, they fear that 
any trade-off will lead to a massive contrac- 
tion of U.S. nuclear physics. 

“That’s what is really coming out of 
this report: There are no really good solu- 
tions,” says Konrad Gelbke, a physicist at 
Michigan State University in East Lansing, 
which would host FRIB. That’s a sentiment 
stressed by Robert Tribble, a nuclear physi- 
cist at Texas A&M University, College Sta- 
tion, who chaired the committee. “We’re all 
losers if this comes to pass,” he says. “It’s 
pretty clear we will lose a facility that sup- 
ports or will support more than a quarter of 
the nuclear science workforce.” 

The problem is that DOE’s $547-million- 
a-year nuclear physics program is facing the 
prospect of stagnating budgets at the same time 
that it is trying to expand its portfolio of activi- 
ties. In addition to operating RHIC and ready- 
ing plans for the $615 million FRIB, the office 
is completing a $310 million upgrade to the 
Continuous Electron Beam Accelerator Facil- 
ity (CEBAF) at Thomas Jefferson National 


Accelerator Facility in Newport News, Vir- 
ginia. Anticipating that dire budget scenario 
last spring, William Brinkman, director of 
DOE’s Office of Science, asked NSAC to pri- 
oritize the projects. NSAC enlisted Tribble and 
21 other scientists. 

The Tribble committee weighed the rela- 
tive importance of three very different facili- 
ties. RHIC uses twin accelerators to smash 
heavy nuclei together to produce fleeting 
puffs of a weird type of mat- 
ter called quark-gluon plasma 
that filled the newborn uni- 
verse. It studies nuclear mat- 
ter under the most extreme 
conditions, which has con- 
ceptual connections to cos- 
mology, string theory, and 
condensed matter physics. 

In contrast, CEBAF fires 
electrons into protons and 
neutrons to probe their inner 
workings, which aren’t com- 
pletely understood. The pro- 
posed FRIB would generate 
and study the structure of 
myriad exotic nuclei that are 
usually produced only in supernova explo- 
sions, addressing such questions as the ori- 
gins of half the elements heavier than iron. 

The committee decided that the CEBAF 
upgrade should be exploited, Tribble told 
NSAC-. So the choice came down to continu- 
ing support for RHIC, which has been col- 
lecting data since 2000 and has an annual 
operating budget of $160 million, or building 
FRIB, which could start taking data by the 
end of the decade. The committee included 
representatives from all three projects (who 


Lament. Panel chair Robert 
Tribble says closing RHIC would 
be a disaster. 


Rare bird. The PHENIX detector is fed by the 
Relativistic Heavy lon Collider. 


didn’t vote), and Tribble said the other mem- 
bers were nearly evenly split on the decision. 
He declined to give a vote tally. 

The committee also responded to 
Brinkman’s additional request to spell out 
what could be done with “modest increases” 
to the budget. The panel estimated that DOE 
could just barely keep running RHIC and 
CEBAF and build FRIB if its nuclear phys- 
ics budget were to increase by 1.6% per year 
above inflation. “The field sees a very posi- 
tive scenario at a very modest growth level,” 
says Jamie Nagle, a member of NSAC and 
the Tribble committee from the University 
of Colorado, Boulder. “That’s the take- 
home message.” 

That message might clash with fiscal 
realities, Brinkman told NSAC by video 
link. He noted that automatic, across-the- 
board cuts to all federal programs required 
under the Budget Control Act of 2011— 
the so-called sequestration—would slice 
$300 million from the $4.9 billion Office 
of Science budget this year if they go into 
effect in March. Once imposed, he added, 
the cuts would “set a new baseline for going 
forward” for all of DOE’s research pro- 
grams, including nuclear physics. Under 
such a scenario, many physicists worry 
that DOE might not be able 
to build FRIB even if RHIC 
were turned off. 

For the moment, however, 
the closure of RHIC is far 
from a done deal. Although 
DOE traditionally accepts 
the advice of its advisory 
committees on such matters, 
it is not required to do so. 
And even if it does, Congress 
will have the final word. In 
fact, physicists are banking 
on legislators from the three 
states most affected by any 
trade-off to push for more 
attractive alternatives. 

In a statement released during the 
meeting, Doon Gibbs, interim director of 
Brookhaven, said, “I have been in touch 
with the leadership of each of the other two 
affected facilities, and we have agreed to 
work together to realize the modest growth 
path.” He also added: “We also expect the 
strong support of the NY State Congres- 
sional delegation.” 

In other words, when impartial scientific 
advice proves unpalatable, look for a politi- 
cal solution. -ADRIAN CHO 
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Brain Studies Stymied by Statistics 


When a massive brain injury leaves a per- 
son unresponsive, physicians rely on out- 
ward signs of recovery, like reaching for a 
cup or saying an occasional word, to deter- 
mine whether the patient is likely to regain 
awareness. In recent years, however, stud- 
ies of patients diagnosed as “vegetative” 
have revealed that roughly 40% are actually 
aware to some extent, spurring efforts to 
develop clinical tools to detect hidden signs 
of consciousness. 

In 2011, a much-publicized study in The 
Lancet suggested a way forward. Scientists 
at what is now the Brain and 
Mind Institute of Western Uni- 
versity in London, Canada, as 
well as the University of Cam- 
bridge in the United Kingdom 
and the University of Liege in 
Belgium, reported that they 
had detected awareness in 
three vegetative patients using 
electroencephalograph (EEG) 
machines to measure electri- 
cal activity in the brain. But 
now, a team of scientists from 
the Weill Cornell Medical 
College in New York City has 
published a withering critique 
of that work. 

After reanalyzing the other 
group’s data, the research- 
ers report in the 26 January 
issue of The Lancet that what 
their colleagues interpreted 
as conscious behavior was actually random 
noise, and that hopes for a reliable new bed- 
side EEG method of measuring awareness 
were premature. The Western University—led 
group is standing by its results, however. The 
disagreement hinges on different approaches 
to the statistical challenge of interpreting 
messy electrical signals from severely disor- 
dered brains. 

In the 2011 study, the Canadian research- 
ersand their collaborators, led by postdoctoral 
student Damian Cruse and neuroscientist 
Adrian Owen, used EEG machines to mea- 
sure electrical activity in the brains of 16 
vegetative patients and 12 healthy controls. 
The participants were asked to imagine 
clenching their right fist or moving their feet 


= each time they heard a beep. The authors fed 


those recordings into a sophisticated statis- 
tical model that detects patterns in data and 
learns over time. Based on the output of that 
model, the authors claimed that three of the 
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16 vegetative patients and nine of the 12 con- 
trols had followed the commands—the first 
time a simple and affordable method had 
been shown to be successful in detecting 
awareness in unresponsive patients. 

Nicholas Schiff, who heads the Weill 
Cornell lab, says his group had concerns 
about the validity of the data long before 
the paper was published. Schiff says the 
high rate of positive results among the 
vegetative subjects “didn’t make a lot of 
sense” given that only 75% healthy con- 
trols were successful. 


Tuning in. A vegetative patient scanned for signs of consciousness with EEG. 


Both research teams are part of a con- 
sortium funded by the James S. McDonnell 
Foundation and charged with generating 
different methods for detecting conscious- 
ness and validating each other’s results. The 
consortium’s work began 5 years ago after 
Owen published a series of papers showing 
that it was possible to use functional mag- 
netic resonance imaging (fMRI) to com- 
municate with people thought to be in a 
vegetative state. 

An fMRI can detect changes with far 
more precision than an EEG, says Andrew 
Goldfine, lead author on the critique. fMRI 
measures blood flow, so “you know exactly 
what part of the brain is producing the sig- 
nal,” Goldfine says. In contrast, he says, 
EEGs involve a vast number of variables, 
including the individual metal cups distrib- 
uted across the skull, the wide range of fre- 
quencies produced through brain activity, 
and even minor movements of the scalp. 


VOL 339 
Published by AAAS 


1 FEBRUARY 2013 


NEWS&ANALYSIS | 


These potentially confounding factors 
mean that researchers need to be extremely 
careful in how they design their statistical 
analyses, Goldfine says. Cruse and his col- 
leagues overlooked a number of important 
factors such as muscle twitches that can con- 
tribute to false positive results, he says. When 
Goldfine and colleagues reanalyzed the EEG 
data, taking such factors into account, all 
signs of consciousness in the three partici- 
pants disappeared, he says. 

Cruse maintains that because Goldfine did 
not follow the same approach it is “not at all 
surprising” that they came up with different 
results. Cruse adds that Goldfine’s approach 
is less sensitive than theirs. “EEG remains a 
viable bedside method for detecting covert 
awareness in the vegetative 
state,” he says. “What this 
exchange amounts to is a 
series of minor scientific quib- 
bles about how that might best 
be demonstrated.” 

One way for researchers 
to navigate the “morass” of 
EEG data is to keep things 
simple, says Emery Brown, 
an anesthesiologist and com- 
putational neuroscientist at 
the Massachusetts Institute 
of Technology in Cambridge 
who was not involved in either 
study. Rather than including a 
vast range of variables in their 
study, he says, Cruse and his 
colleagues could have focused 
on a smaller number of vari- 
ables to minimize the possi- 
bility of finding patterns that 
just aren’t there. Similar problems arise when 
sifting through massive amounts of genomic 
data looking for correlations, he says. “Sci- 
entifically, you should avoid hunting expedi- 
tions like that.” 

The consortium is set to meet in New 
York next month to begin the second phase 
of their grant—a period when all research- 
ers adhere to the same methodology and 
build a shared database. Although it’s not 
yet clear what methods they’ll agree upon, 
Cruse’s team recently published a second 
study in PLOS ONE that they say addresses 
many of the other team’s concerns while 
confirming their original results. That’s a 
positive sign of rigorous scientific debate, 
says Joseph Fins, professor of medicine 
at Weill Cornell Medical College and a 
co-author of the critique. “These tests have 
huge consequences,” he says. “We have to 
get this right.” 

—EMILY UNDERWOOD 
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GLOBAL CHANGE 


The Psst That Pierced the Sky Is Now Churning the Sea 


Chlorofluorocarbons (CFCs) seemed like a 
wonder of modern chemistry: inert, nontoxic 
chemicals that could do it all, from cooling 
your fridge to spritzing your hair. But to the 
surprise of chemists, the gases seeped into the 
stratosphere and destroyed the ozone there 
to create the Antarctic ozone hole. And the 
hole, in turn, stunned meteorologists when it 
reached down to boost the ring of wind encir- 
cling the icy continent. 

Now it’s the oceanographers’ turn to 
scratch their heads. In an ironic twist, they 
have used the same CFCs that created the 
ozone hole to track its effects on the ocean. 
The stronger winds induced by the hole’s for- 
mation, they’ve shown, are stirring the South- 
ern Ocean surrounding Antarctica harder than 
ever. The added churning may already be 
slowing the ocean’s storage of greenhouse 
gases from fossil fuels. The lesson is that 
humans are not farsighted enough to be 
fooling with Mother Nature. 

It’s a winding path from hair 
spray to the deep sea. The first twist 
came in the 1970s, when atmo- 
spheric chemists realized that ultra- 
violet light could tear CFCs apart 
in the stratosphere and that the bits 
of chlorine would go on to destroy 
the stratospheric ozone that works to 
keep the same ultraviolet from reach- 
ing the surface. The next surprise 
came in the 1980s, when researchers 
monitoring stratospheric ozone via sat- 
ellite realized that the blotch of low-ozone 
readings appearing over Antarctica every aus- 
tral spring was no data glitch, but a hole in the 
stratospheric ozone layer. Much to everyone’s 
surprise, the icy cloud particles found in the 
Antarctic stratosphere greatly accelerate chlo- 
rine’s destruction of ozone. 

In the 1980s, meteorologists did not expect 
things to go much further. After all, the tro- 
posphere beneath the stratosphere, where 
weather happens, constitutes a full 80% of 
the atmosphere’s total mass. Changes in the 
stratosphere affecting the troposphere beneath 
would be like the tail wagging the dog. But, 
it turned out, around Antarctica, the tail gets 
its way. The near disappearance each spring of 
ultraviolet-absorbing ozone chilled a disk of 
stratosphere over Antarctica. That change in 
the pattern of stratosphere temperature man- 
aged to reach down into the troposphere and 
accelerate the ring of wind—the westerlies— 
that encircles Antarctica. It also shifted the 
westerlies slightly poleward. 


That downward link in the chain worked in 
climate models. Now, atmospheric scientists 
Sukyoung Lee and Steven Feldstein of Pennsyl- 
vania State University, University Park, report 
on page 563 that the real atmosphere responds 
in the same way and even gets some help from 
greenhouse gases. Using a statistical technique 
called self-organized maps, they identified 
four repeating wind patterns in the wintertime 
troposphere around Antarctica and tracked 
their changing frequency from 1979 to 2008. 

Two of the patterns resemble those seen in 
climate models simulating strengthening west- 
erly winds. One pattern, which Lee and Feld- 
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Ring around the hole. Manmade CFCs create the 
ozone hole each spring. It in turn accelerates the 
westerlies, a ring of wind driving the underlying Ant- 
arctic Circumpolar Current. The strengthened west- 
erlies also accelerate deep water northward. 


stein attribute to the springtime ozone hole, 
accounts for almost two-thirds of the change 
in the westerlies. The researchers link the sec- 
ond pattern to the tropics, where greenhouse 
warming has pumped up the churning of the 
atmosphere. That enhanced convection can 
boost a poleward circulation that could, in turn, 
increase the westerlies. The added tropical 
driver could account for almost one-third of 
the strengthening of the westerlies, they report. 

Oceanographers knew such stronger west- 
erlies were sure to affect the ocean beneath. 
The question was how. In a second paper, on 
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page 568, fluid dynamicist Darryn Waugh 
of Johns Hopkins University and colleagues 
answer that question by putting CFCs to work. 
Peaking in the lower atmosphere at more than 
500 parts per trillion in the early 2000s, CFCs 
not only seeped into the stratosphere but also 
dissolved in the surface waters of the world 
ocean. From there, they have ridden the water 
wherever it was going. 

Waugh and his colleagues found that— 
rather than merely further stirring up eddies 
in the Southern Ocean, as some oceanogra- 
phers had thought—the intensified wester- 
lies have accelerated ocean overturning there. 
The group analyzed measurements of CFC- 
12 in seawater made in the early 1990s and 
compared them with measurements made 
in the mid- to late 2000s. They also com- 


pared observed CFC concentrations with 


two ocean models that stimulated CFC 
movement assuming no change in cur- 
rents. They found that the strength- 
ened westerlies had accelerated an 
existing wind-driven circulation in 
which the wind draws water to the 
surface from deep down beneath 
the southern edge of the band of 
westerlies and draws it northward 
across the northern edge, where it 
sinks down a kilometer or more in 
the subtropics. 
The CFC tracer work “makes 
a pretty strong case” for an acceler- 
ated overturning, says oceanographer J. 
Robert Toggweiler of the National Oceanic 
and Atmospheric Administration’s Geophysi- 
cal Fluid Dynamics Laboratory in Prince- 
ton, New Jersey. “This is a very big topic in 
world climate change and even paleoclimate,” 
he says. Faster overturning is probably slow- 
ing the ocean’s uptake of carbon dioxide and 
therefore stoking greenhouse warming. And 
changes in high-latitude overturning may have 
been a key to changing atmospheric carbon 
dioxide levels in the geologic past and drag- 
ging the world out of ice ages or sending it 
back into them. 

What the future holds depends on future 
human actions. Under the international Mon- 
treal Protocol, atmospheric CFCs are declining 
so that the ozone hole should heal by around 
mid-century. By Lee and Feldstein’s calcula- 
tion, that will eliminate the hole’s effect on the 
westerlies, leaving a strengthening greenhouse 
in control. That’s assuming humans do nothing 
about rising greenhouse gases. 

—-RICHARD A. KERR 
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Advisers Urge NIH to Scale Back 
Chimpanzee Research 


Last week, a top-level panel of advisers 
urged the National Institutes of Health 
(NIH) to phase out most medical research 
on chimpanzees in the United States, 
bringing what many researchers think is 
the inevitable end to a long and emotional 
debate. Specifically, the panel’s report said 
NIH should retire most of the 360 research 
chimps it owns, end half of 22 research proj- 
ects, and make sure chimps still being stud- 
ied are kept in suitable living conditions. 

Although the panel left room for behav- 
ioral and genomics research—many studies 
could continue under proper conditions—it 
all but ruled out invasive medical research. 
“Clearly there is going to be a reduction 
in the use of chimpanzees in research,” 
said veterinary researcher Kent Lloyd of 
the University of California (UC), Davis, 
who co-chaired the NIH advisory panel. “I 
don’t believe that that will be at the cost of 
research advances.” 

The working group’s 84-page report is 
a response to a December 2011 Institute of 
Medicine (IOM) study requested by NIH 
that found most research on chimps was 
“unnecessary” (Science, 16 December 2011, 
p. 1484). NIH Director Francis Collins asked 
the working group, part of the NIH Council 
of Councils, to help NIH implement the IOM 
report, which laid out criteria for when chimp 
studies are justified. Such a study should take 
place only if it is needed to advance public 
health, could not be done ethically in humans 
or in another animal model, and if the chimps 
are housed in an ethologically appropriate 
environment or natural habitat. 

After applying the IOM criteria to 22 NIH- 
funded research studies using chimps, the 
working group found that half should be 
phased out. That includes six of nine bio- 
medical projects; only three projects using 
12 chimps should continue. The working 
group also recommended continuing eight 
of 13 comparative genomics and behavioral 
studies; these involve 290 animals. 

Most of the approved projects could con- 
tinue only if they are modified to meet new 
standards for living conditions. For example, 
each chimp should have at least 1000 square 
feet of outdoor space, live with no fewer than 
six other chimps, and have room to climb. 

The working group did not reveal the list of 
30 projects it reviewed because of confidenti- 
ality, said neurologist and working group co- 
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chair Daniel Geschwind of UC Los Angeles. 
However, the report said the three approved 
biomedical projects involve research on 
immunology and infectious agents such as 
hepatitis. Some researchers have been worried 
that studies of hepatitis C vaccines, in particu- 
lar, would be ruled out, arguing that the chimp 
is the only good model for testing. (The IOM 
panel did not reach consensus on whether 
chimps are needed for these studies.) 

Any newly proposed projects that pass 
scientific review will then go before a yet- 
to-be-created, independent NIH oversight 
committee that would evaluate whether the 


4 
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project complies with the IOM principles. 
The bar will be high for medical studies, 
but much behavioral and genomics research 
would “sail right through,” Geschwind sug- 
gested. (For now, NIH will continue a mora- 
torium on new chimp studies that it imposed 
when the IOM report came out.) 

The working group also examined the 
number of chimps NIH owns or supports. 
This includes 451 chimps at research or 
research reserve facilities and 219 in retire- 
ment. It said that NIH should “immediately” 
begin planning to retire the 360 research 
chimps it owns to a federal sanctuary and 
reduce its research supply to a single colony 
of just 50 chimps. NIH would reassess the 
adequacy of this colony every 5 years but 
could lift its moratorium on breeding only 
after consulting with other agencies. Behav- 
ioral and genetics studies requiring more 
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than the 50 animals could potentially be 
done in nontraditional settings such as sanc- 
tuaries or zoos, the report says. 

Kathleen Conlee, vice president of animal 
research issues for the Humane Society of the 
United States, which has pushed to end chimp 
research, praised the report. “We’re very 
pleased ... and we hope that NIH will move 
forward to implement the recommendations. 
I think they largely reflect what the public has 
been asking for,” she said. 

But John VandeBerg, director of the 
Southwest National Primate Research Cen- 
ter in San Antonio, Texas, forwarded a state- 
ment to the press saying that his institution 
“respectfully disagrees with the Working 
Group’s recommendations that severely limit 
the future use of chimpanzees in biomedical 
research and that will slow urgently needed 
medical advances.” 


After a 60-day comment period on the 
report, Collins will decide whether to accept 
it, probably by late March. But NIH has 
already begun to downsize its chimp col- 
lection: In December, it agreed to transfer 
113 chimps from New Iberia Research Cen- 
ter in Louisiana to Chimp Haven in Keith- 
ville, Louisiana, which runs the federal 
chimp sanctuary. 

One question is who will pay the costs 
of chimp retirement. In 2000, Congress 
capped how much the agency can spend on 
construction and care at federal chimp sanc- 
tuaries at $30 million, and Chimp Haven 
will reach that limit this summer. James 
Anderson, an NIH deputy director, said, “It 
is a concern for us and it’s something that 
we would have to have addressed at the 
congressional level.” 

—-JOCELYN KAISER 
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The long struggle to develop a 
schistosomiasis vaccine badly 
needs new money 


RIO DE JANEIRO, BRAZIL—Miriam Tendler 
has not moved her lab in more than 20 years. 
Her office is cramped and filled with stacks 
of paper, and the hallways are lined with 
big filing cabinets. Yet Tendler has stayed 
in this old, low building on the campus of 
the Oswaldo Cruz Foundation, she explains, 
because she is afraid of doing anything that 
could disturb the life cycle of the micro- 
scopic worm that she has carefully nur- 
tured in her lab all these years. Tendler has 
devoted her career to developing a vaccine 
against this worm, a pernicious parasite 
that is a scourge of people in eastern Brazil: 
Schistosoma mansoni. 

Her target is one of at least six flatworms 
that cause a debilitating human disease 
called schistosomiasis. The worms can live 
for decades in blood vessels, shedding eggs 
that cause pain, severe blood loss, and mal- 
nutrition and that can damage the liver, kid- 
neys, and spleen. Half of their unusual life 
cycle takes place in freshwater snails, which 
is why one room in Tendler’s lab houses doz- 
ens of aquariums. 

According to the World Health Organi- 
zation (WHO), schistosomiasis, also known 
as bilharzia, is the second most devastating 
parasitic disease in the world, after malaria. 
Some 200 million people are estimated to be 
infected, most of them children, and another 
600 million are at risk. Mortality estimates 
vary widely, but Lester Chitsulo, who heads 


WHO’s Schistosomiasis Control Programme 
in Geneva, Switzerland, says that there are 
probably almost 300,000 deaths a year in 
sub-Saharan Africa alone. 

Vaccines could be powerful weapons 
against schistosomiasis, but a lack of inter- 
est and money, combined with the fact that 
a cheap, effective drug is available, has ham- 
pered research. “We have limped along with 
small amounts of money,” says Alex Loukas 
of James Cook University, Cairns, in Aus- 
tralia. That could change if, as researchers 
hope, the Bill & Melinda Gates Foundation 
joins the fight. Next month, the foundation 
will bring experts to Seattle for a 2-day meet- 
ing to discuss schistosomiasis vaccines. If 
it decides to fund the research, everything 
could change, Loukas says. 

There has been some progress; two vac- 
cines are now in clinical trials. But there are 
questions about both. Bilhvax, developed 
at the Pasteur Institute in Lille, France, tar- 
gets S. haematobium, a species that causes 
urogenital schistosomiasis and is common 
in Africa and the Middle East. But despite 
extensive trials, very little has been pub- 
lished so far, leading other scientists to won- 
der what’s going on. 

The other is Tendler’s candidate against 
S. mansoni, backed by the Brazilian govern- 
ment through a public-private partnership. 
The vaccine, the only one from a country 
where Schistosoma is endemic, may enter 


phase II trials this year. (It’s based on a pro- 
tein called Sm14, which a worm uses to ferry 
a host’s fatty acids into its own cells.) But 
some groups have been unable to replicate 
the high level of protection that Tendler has 
shown in mouse studies. 

What’s more, vaccines are needed for 
other Schistosoma species as well, as there 
is no one-size-fits-all vaccine. “We need to 
develop a pipeline,” says Peter Hotez, dean 
of Baylor College of Medicine’s National 
School of Tropical Medicine in Houston, 
Texas. Hotez is working on a vaccine candi- 
date named Sm-TSP-2 that has yet to reach 
the clinic; another candidate, Sm-p80, is also 
being developed in the United States. 


Into the groove 
Different Schistosoma species cause differ- 
ent patterns of symptoms, but the parasites 
essentially follow the same lifecycle. They 
reproduce in freshwater snails that release 
large numbers of free-swimming larvae, 
called cercariae, into the water. When these 
find a human, for instance a child playing 
in the water, they burrow through that per- 
son’s skin with their head. The larvae then 
lose their tail and migrate through the blood 
vessels and the lung into the liver, where 
they mature into adult worms and mate. The 
larger male worm forms a groove, which the 
thinner female slips into. 

Together, the couple moves into veins 
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Eyes on the target. Miriam Tendler’s vaccine candi- 
date is based on Sm14, a crucial Schistosoma protein. 


in different parts of the body, depending on 
the species: S. mansoni and S. japonicum 
reside in the bowel and rectum, for instance, 
whereas S. haematobium migrates to the 
bladder. The females start producing hun- 
dreds of eggs daily, sometimes for many 
years. Most of them are shed in urine and 
feces, and they can infect new snails if 
they end up in lakes or rivers. But some get 
trapped in the liver or other organs, causing 
an immune response that leads to the typical 
symptoms and sometimes death. 

Public health officials tried for decades 
to get rid of schistosomiasis by targeting 
the snails. Despite sporadic successes, that 
strategy has proved too daunting in rivers 
like the Nile and the big lakes in 
Africa. Since the 1980s, a drug 
called praziquantel, which kills the 
worms in a person’s body, has been 
the weapon of choice. In many 
endemic areas, all schoolchildren 
get the drug annually; Merck has 
provided praziquantel to WHO 


r and pair off 


va 


tracting HIV three- or fourfold. If the Gates 
Foundation steps in, it would raise the dis- 
ease’s profile, Yazdanbakhsh says, and that 
could encourage national governments to 
donate as well. So far, the foundation has 
made no commitment, and it would not com- 
ment to Science. 


Painful rashes 

Even if more money becomes available, 
there are obstacles to a successful vaccine. 
One of them emerged in 2007 during a trial 
of a vaccine against a different group of par- 
asites called hookworms. Healthy U.S. vol- 
unteers tolerated the shots well, but a study 
conducted in an area of Brazil where hook- 
worm infection is common had to be sus- 
pended when three of the first seven volun- 
teers developed painful rashes on their head, 
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for free since 2007 and recently 
pledged to increase its annual 
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the two in clinical trials—such data have yet 
to be presented. 

Another difficulty is that the results 
of several promising studies in mice— 
including Tendler’s Sm14 vaccine—have not 
been replicated by researchers in other labs, 
for reasons that aren’t clear. “This is a prob- 
lem that has plagued the schistosomiasis 
field for many years and it has done the field 
an enormous amount of harm,” Loukas says. 
How well results in mice translate to humans 
is also unclear. Although S. mansoni infects 
mice readily, the rodent is not a natural 
host; in terms of sheer size, one pair of 
worms in a mouse is equivalent to a very 
heavy infection in humans. Some research- 
ers have switched to other animal models, 
such as baboons, which require special facil- 
ities and are more expensive. 

The French vaccine, mean- 
while, is a bit of a dark horse. A 
phase I trial, done in 1998 and 
1999 in France, was not published 
until July 2012; phase IT and phase 
II studies, both completed, have 
yet to appear. The team’s origi- 
nal strategy was to go through all 
the phases before publishing any- 
thing, Gilles Riveau of the Pasteur 


depending on the species 


to the lungs through 


donation to 250 million tablets. 

But scientists worry that such 
widespread use will fuel resis- 
tance against praziquantel, the only 
drug available. Moreover, people 
in endemic areas usually get rein- 
fected within months of treatment, 
so there is little long-term progress. 
“T think people are finally realizing 
that drugs alone are unlikely to con- 
trol schistosomiasis,” Loukas says. 

Vaccines would probably not 
prevent human infections, but they 
could reduce the number of eggs 
that female worms produce, which 
in turn would reduce symptoms 
and slow transmission, says Maria 
Yazdanbakhsh of Leiden Univer- 
sity Medical Center in the Nether- 
lands, who heads a European project to find 
a vaccine against S. mansoni. “If the worms 
produce fewer eggs, the water will be less 
infested, and that will slowly reduce trans- 
mission.” Studies suggest this is possible. 
Adults in endemic areas have been found to 
be partially immune to reinfection, and in 
animals, vaccines were shown to reduce the 
number of eggs by about half. 

Hotez thinks support for a vaccine is now 
growing, in part because of schistosomiasis’s 
role in the HIV epidemic: Female genital 
schistosomiasis increases the risk of con- 
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Institute writes in an e-mail to 
Science. “J think today that we 
were wrong,” he adds, saying that 
results on phase II may be out soon. 

Others are betting on new tar- 
gets, and the genomes of S. man- 
soni and §S. haematobium, both 
now sequenced, have given them 
a wealth of choices. Yazdanbakhsh 


Larvae hatch and penetrate 
intermediate host (snail) 


Circle of life. Schistosoma’s life cycle takes it from freshwater snails to 
human blood vessels and back. 


neck, and shoulders. The rash was caused by 
a Class of antibodies called IgE, which the 
volunteers had developed during prior hook- 
worm infections, says Loukas, who was 
involved in the trial. 

To prevent such nasty surprises with 
Schistosoma, Loukas says, any new vac- 
cine candidate needs to be screened to see 
whether people in endemic areas might 
have IgE in their blood that reacts with it. 
“If they do, we immediately throw the can- 
didate out,” he says. For some of the can- 
didates already in development—including 


and colleagues are aiming at the 
earliest form of the worm that the 
immune system encounters: the 
larvae passing through the skin. 
Scientists in the consortium have 
identified genes that are turned 
on only in this stage; by targeting 
these proteins, they hope to catch 
the worm before it has its defenses 
up. Such a vaccine, they hope, 
might prevent infection altogether. 

Loukas’s group, meanwhile, has devel- 
oped an array of Schistosoma’s surface pro- 
teins, which they have screened against the 
blood of resistant individuals to see which 
antigens are recognized by their immune 
system. A new vaccine candidate will be 
published soon, he says. 

With so much new technology available, 
developing a vaccine is now primarily a ques- 
tion of political will, Tendler argues. “This is 
not a bet, this is not a game, this is not magic. 
It is just work.” —-KAI KUPFERSCHMIDT 
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SPACE 


Tight Budgets Squeeze European Earth Observation 


The Europe-wide financial crisis and uncertainty over the European Union's future 
funding are casting shadows over Earth monitoring and science missions 


On the face of it, the European Space 
Agency’s (ESA’s) Earth-observation program 
came out of last November’s budget-setting 
council meeting pretty well: With €1.9 bil- 
lion over the next 5 years (20% of ESA’s total 
budget), it is the agency’s biggest program. 
But to make room in the budget for new 
launchers and the International Space Sta- 
tion, member states have put the squeeze on 
Earth-observing science missions (Science, 
30 November 2012, p. 1135). And, with the 
funding of the European Union still in doubt, 
questions hang over the future of a ground- 
breaking environmental monitoring system, 
an ESA-E.U. collaboration called Global 
Monitoring for Environment and Security 
(GMES, recently renamed Copernicus by the 
European Union). “This is far too important 
for Europe not to get its act together,” says 


Sentinel-3. Monitoring 
topography, temperature, 
and color of land 

and sea. 


Alan O’Neill, director of the United King- 
dom’s National Centre for Earth Observation. 

GMES is an unprecedented attempt to 
create an operational environmental moni- 
toring system akin to the meteorological 
systems that have been in place for decades. 
GMES involves a whole fleet of spacecraft 
with different sensors—built and paid for 
by ESA—along with duplicate backup craft 
and operations and user facilities provided 
by the European Union. The aim is to pro- 
vide steady, reliable data of use to European 
governments, industry, emergency services, 
and citizens. “There is no program like 
GMES. It’s an Earth management system,” 
O’Neill says. 

European researchers got a taste for long- 
term, high quality data from Envisat, ESA’s 
bus-sized satellite that operated for 10 years 
until ended by an unidentified failure in April 


2012. The idea of GMES “emerged out of 
the Envisat decade. People could see what 
you can do with long-term data,” says John 
Remedios, head of Earth observation science 
at the University of Leicester in the United 
Kingdom. Envisat carried nine instruments 
that gathered data about land, water, ice, and 
the atmosphere. Most will be replicated or 
upgraded in GMES. 

ESA is close to completing the first three 
GMES spacecraft, known as Sentinels, 
which are due to launch this year. But the 
European Union’s funding beyond the end 
of this year is not yet secure as the Euro- 
pean Commission (the European Union’s 
executive arm), the 27 member states, 
and the European Parliament debate the 
union’s budget for the next 7 years (Science, 
16 November 2012, p. 872). 


The next round of the E.U. budget nego- 
tiations will take place on 7 to 8 February. 
Because of the faltering economies across 
Europe, the commission is under enormous 
pressure to curb its ambitions; some states 
even want to cut E.U. funding below current 
levels. In 2011, the commission proposed 
€5.8 billion for GMES over 7 years. The 
member states countered with a suggestion 
of €3.8 billion, a figure that alarmed ESA, 
researchers, and other potential users. 

At that level of funding, “there will be 
cuts,” says ESA’s head of Earth observa- 
tion, Volker Liebig. “If they can’t finance the 
recurrent [duplicate] satellites, there is a dan- 
ger that we might have data gaps,” he says. 
If the European Union has not confirmed the 
budget for the operations infrastructure by 
the time of the Sentinel-1 launch in August, 
Liebig says, the ESA member states could 


decide it is too risky to launch the satellite. 
“We have delivered; I hope the commission 
can also deliver,” Liebig says. 

Because of the continuing uncertainty over 
the E.U. contribution to GMES, at the ESA 
council meeting in November some ESA 
member states were reluctant to commit the 
full amount for the next round of GMES sat- 
ellite building. ESA secured only 80% of the 
required funds at the meeting. 

Much of ESA’s Earth observation budget 
goes toward meteorological satellites. But 
another area also came up short on funding: 
a series of science missions known as Earth 
Explorers, which seek to observe Earth and 
its atmosphere in new ways using innova- 
tive technology. Three have been launched 
so far—looking at soil moisture and ocean 
salinity, ice cover, and ocean circulation— 
and another three are under construction. A 
further three proposals are vying to start con- 
struction as Earth Explorer 7. A choice will be 
made sometime in the next few months. 

The future of Earth Explorer 8, however, 
looks less certain after November’s council 
meeting awarded the program only 80% of 
its expected €1.25 billion budget. “A vari- 
ety of solutions are now being considered,” 
says O’Neill, who is the chair of ESA’s Earth 
Science Advisory Committee. Heinrich 
Bovensmann of the University of Bremen 
in Germany, who heads one of the teams 
competing to build Earth Explorer 8, says 
he expects ESA to adopt “the classical way 
space agencies deal with budget problems: 
delay things.” 

If selected, Bovensmann’s CarbonSat 
will use absorption spectroscopy to image 
sources of carbon dioxide and methane—the 
main greenhouse gases—in high resolution. 
“Tt’s the first time we’ll be able to make a dis- 
tinction between natural and anthropogenic 
sources,” he says. The other contender for 
the mission, the Fluorescence Explorer or 
FLEX, aims to measure the carbon balance 
of plant life by detecting chlorophyll fluores- 
cence, a sensitive marker for photosynthetic 
efficiency. “The signal is very small, and 
this is the first time it will be measured from 
space,” says José Moreno of the University 
of Valencia in Spain. 

There is now no guarantee that either 
mission will get off the ground any time 
soon. Moreno says: “The situation is rather 
difficult at the moment, and no one knows 
how well it will evolve in the future.” 

—-DANIEL CLERY 
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CHINA 


World's Biggest Health Care 
System Goes Under the Knife 


Ambitious reforms of the Chinese medical system aim to expand infrastructure, cover 


the poor, and combat chronic diseases 


SHENZHEN, CHINA—In most Chinese hos- 
pitals, teeming waiting rooms and forlorn 
patients wheeling intravenous drips through 
dingy, ill-lit halls are troubling but typical 
sights. University of Hong Kong (HKU)- 
Shenzhen Hospital, however, is anything but 
typical. Its gleaming wards and labs, opened 
to outpatients last July, are at the vanguard of 
China’s health care reforms. 

The hospital here in Shenzhen, the cru- 
cible of China’s economic rebirth, is the 
brainchild of China’s health ministry, which 
convinced the local government to put up 
$56.2 million for the 350,000-square-meter 
complex across the border from Hong 
Kong. HKU’s stewardship is meant to sepa- 
rate the venture from the rest of the pack 
for more than its looks. “They don’t need 
us to teach them how to stitch up wounds,” 
says Sum-ping Lee, dean of HKU’s medi- 
cal school. The health ministry envisions 
the institution as “an important model in the 
process of reforming public hospitals,” says 
a spokesperson. One prong of that strategy 
is to boost medical research: HKU profes- 
sors will apply their expertise to a planned 
research arm of the hospital that will focus 
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on oncology, orthopedics, liver disease, and 
infectious diseases. 

HKU-Shenzhen Hospital is part of a Chi- 
nese spending spree on health care, with total 
outlays predicted to triple from $357 billion 
in 2011 to $1 trillion in 2020, when the gov- 
ernment hopes to have implemented univer- 
sal coverage. (Only 15% of the population 
was insured in 2000, according to the health 
ministry.) The investment is largely directed 
at improving basic health care. In 2000, the 

World Health Organi- 


zation (WHO) ranked “Families are suffering from 
a huge economic burden.” 


China 144th out of 
191 national health 
systems. Although 
some scholars dispute 
WHO’s methodology, 
which is no longer 
used, few deny that China’s health care sys- 
tem is ailing. Gaps in hospital capacity and 
quality of care have fueled rising discontent, 
culminating in a recent spate of murders of 
doctors and nurses. According to China 
Daily, Chinese hospitals reported more than 
17,000 violent incidents in 2010—mostly 
involving disgruntled patients. 
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A white paper released by Chi- 
na’s State Council last Decem- 
ber outlines the basic tenets 
of the reforms, which include 
expanding insurance coverage, 
reconfiguring drug pricing, and 
promoting primary care. The 
reform drive also includes money 
for research into traditional Chi- 
nese medicines and an overhaul 
of the drug pricing system—a 
move that could affect pharma- 
ceutical research. The health 
ministry, meanwhile, is push- 
ing the training of more medical 
professionals, updating China’s 
mental health infrastructure (see 
sidebar, p. 506), and backing the 
development of hospitals like 
HKU-Shenzhen. 

Health care in China today 
bears little resemblance to the 
system in place during its social- 
ist heyday. In the 1970s, agricul- 
tural communes featured rural health care 
centers staffed by about 1.8 million “barefoot 
doctors”: health workers with basic training 
who provided primary care. Among them 
was Chen Zhu, China’s current health minis- 
ter. As the Chinese government began insti- 
tuting market reforms in the 1980s, it pulled 
funding from hospitals and clinics. The bare- 
foot doctor system disintegrated. By the 
1990s, the government was contributing less 
than 20% of total health care costs—the low 
end of developing countries, says Gordon 
Liu, an economist at Peking University in 
Beijing who served on a health care reform 
taskforce under China’s State Council. 

To recoup lost funds, hospitals charged 
a 15% markup on prescription drugs. Doc- 
tors began prescribing antibiotics indiscrim- 
inately, sparking an uptick in drug-resistant 
bacterial strains (Science, 18 May 2012, 
p. 795). As China’s health infrastructure 
frayed, diseases like 
syphilis, once on the 
ropes, reemerged witha 
vengeance (Science, 27 
January 2012, p. 390). 
Then came the debili- 
tating SARS outbreak 
in late 2002: “It was a 
wake-up call for the Chinese government,” 
says Yanzhong Huang, a global health fel- 
low at the Council on Foreign Relations in 
New York City. 

A more enduring problem is that eco- 
nomic development and an aging population 
have driven a shift in the disease burden from 
infectious to chronic diseases, which today 


—YAO HONG, 
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A New Dawn for Mental Health 


SHANGHAI, CHINA—Graduates of Chinese medical schools once steered 
clear of mental health work. In the 1980s, recalls Michael Phillips, a psychia- 
trist at Shanghai Mental Health Center and Emory University School of Medi- 
cine in Atlanta, “they would do anything to get out of it.” The field then was 
reeling from decades of suppression. After the 1949 revolution, it had been 
branded a bourgeois science, with drug treatment in many psychiatric hos- 
pitals replaced by readings of Mao Zedong’s Little Red Book. Today, psychia- 
try has gained legitimacy, but psychiatrists still complain of a poor mental 
health infrastructure and measly salaries. Thus, many cheered when China's 
health ministry announced in 2009 that it was making mental health a key 
focus area of its sweeping health care reforms (see p. 505). 

That newfound attention culminated last October in the adoption of a 
mental health law that had been under discussion for 27 years. The law is “a 
major event for Chinese psychiatry,” Phillips says. It emphasizes the expan- 
sion of community mental health services, delineates professional duties in 
psychiatry and psychology, and introduces a more humane protocol for com- 
mitment to psychiatric hospitals. (An English translation of the law has been 
posted to the Web site of the Shanghai Archives of Psychiatry.) 

China has an estimated 173 million people with mental disorders of whom 
the vast majority—some 158 million—have never received treatment. Psychi- 
atrists have been trying for decades to change that. In 1985, Liu Xiehe, a psy- 
chiatrist at Sichuan University’s West China Hospital in Chengdu, wrote the first 
draft of China’s mental health law. But bureaucratic intransigence, concerns 
about the cost of mental health services, and resistance from some psychiatrists 


stalled the process. By 2005, the draft had been revised 15 times to no avail. 

In the end, studies on the heavy socioeconomic toll of mental illness 
prodded Chinese officials to act. In 1996, the Global Burden of Disease 
Study found that mental illness, neuropsychological conditions, and suicide 
together accounted for 20% of China’s illness burden, using a metric called 
disability-adjusted life years (Science, 1 November 1996, p. 740). The fig- 
ure remained relatively stable until 
2004, the last year for which data 
is available, Phillips says. In 2010, 
China committed to remodeling and 
expanding 550 psychiatric hospitals 
and wards within 2 years. Another 
area to benefit was community-based 
mental health, which has received 
more than $35.3 million from the central government since 2004. Health 
care reforms and the new law should bump up funding even further. 

The law divides China’s mental health professionals into psychiatrists, 
psychological counselors, and psychotherapy practitioners, or what observ- 
ers understand as clinical psychologists. The distinctions are intended to 
strengthen professionalism. Of China’s estimated 20,000 psychiatrists, only 
about 20% hold a degree in the field, according to a study published in 
Asia-Pacific Psychiatry in October 2009. Clinical psychology and counseling 
is even more of a mixed bag. “Some people have psychology degrees, some 
have education degrees, and some have a background that has nothing to do 
with psychology,” says Xiang Yutao, a psychiatrist at Beijing Anding Hospital 
and the Chinese University of Hong Kong. A key provision of the new law, 


The mental health law 
is “a major event for 
Chinese psychiatry.” 


—MICHAEL PHILLIPS, SHANGHAI 
MENTAL HEALTH CENTER 


Dreaming big. Sum-ping Lee envisions the University of Hong Kong- 
Shenzhen Hospital as a trailblazer in research and care. 


account for roughly 85% of deaths in China, 
up from 53% in the 1970s. “That pushed the 
demand for health care a lot,” Liu says. As 
the transition took hold, the health care sys- 
tem remained woefully unprepared to handle 
the surge of patients, with too few doctors 
and medical facilities. Inadequate insur- 
ance, meanwhile, meant that many Chinese 
could not afford care in catastrophic cases. 


“Families are suffering 
from a huge economic 
burden,” said Yao Hong, 
director of the Ministry 
of Human Resources and 
Social Security’s health 
insurance department, at 
a conference in Beijing 
in July. 

To address these 
issues, in 2009 China 
unveiled a blueprint for 
providing basic insur- 
ance for 90% of Chinese 
by 2011, implement- 
ing more standardized 
training for doctors, 
constructing thousands 
of new county hospi- 
tals, and putting a clinic 
in every village. The 
plan also emphasized 
chronic diseases, which 
the health ministry says 
accounted for 69% of costs associated with 
China’s disease burden in 2009. Community 
health centers must now provide free check- 
ups for hypertension and diabetes patients 
four times a year, says Wu Yangfeng, director 
of The George Institute, China, and a cardio- 
vascular specialist at Peking University Clin- 
ical Research Institute in Beijing. The health 
care reforms are “not just of political signifi- 


cance,” he says. “The basic health services 
will really help to cover a broad range of 
the population affected by chronic disease.” 
A new requirement to check every patient’s 
blood pressure will help catch the esti- 
mated 70% of Chinese with hypertension 
who are not aware they have it, Wu says. 
The increased focus on chronic diseases 
may benefit research. “Our whole concep- 
tualization of noncommunicable diseases 
is based on data from what is a minority of 
the global population today,” says Gabriel 
Leung, a public health researcher at HKU. 
“None of it came from China.” Research- 
ers may now Start to identify population- 
specific risk factors in China and other 
developing countries, he says. 

One potential downside is the effect of 
reforms on drug development. Until recently, 
up to 50% of China’s total health care spend- 
ing went toward drugs, Liu says—a sum that 
“might be the highest drug-to-total-health- 
care-expenditure ratio in the world.” (The 
Organisation for Economic Co-operation 
and Development states that the ratio aver- 
aged 18% in 2003.) China aims to bring 
expenditures down, Liu says, by restricting 
hospitals to lists of government-approved 
drugs and by outlawing profiteering on pre- 
scriptions. The selection process for the lists 
has set off bidding wars, with companies 
rushing to underbid each other. The drop in 
revenue will shave profit margins—a change 
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designed to limit the reach of unqualified practitioners, states that psychologi- 
cal counselors cannot diagnose or treat mental disorders. 

Patients stand to gain leverage: Under the new law, they can no longer 
be hospitalized against their will, unless deemed a danger to themselves 
or others. Previously China had a looser policy for committing patients to 


Life insurance. Hospitals have hired guards follow- 
ing a wave of violence against doctors and nurses. 
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No more winging it. A new law governing psy- 
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that could squeeze research. “Drug compa- 
nies are of course nervous about the future 
source of income for their R&D,” Liu says. 
But, he adds, because total health care spend- 
ing in China is increasing by more than 15% 
each year, the country will continue to be a 
profitable market: Even as drug companies’ 
share of the pie decreases, Liu says, “The 
total pie will increase.” The health ministry 
contends that strong government support of 
pharmaceutical research will help compen- 
sate for any losses. 

A larger economic challenge will be con- 
taining costs for patients. Today, 95% of Chi- 
nese have basic insurance covering some 
medical costs, accord- 
ing to the health minis- 
try, which has gradually 
deepened the coverage to 
include some catastrophic 
medical expenses and out- 
patient treatment as well 
as routine checkups and 
tests. But broader coverage has not stemmed 
soaring costs. A preliminary study from the 
Institute for the Study of Labor in Bonn, 
Germany, shows that Urban Resident Basic 
Medical Insurance, which was launched in 
2007, has increased hospital visits without 
reducing out-of-pocket expenses. “If health 
expenditure growth is not controlled, then 
the financial protections on the population 
are still going to be limited,’ says Winnie Yip, 
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The emphasis on chronic 
disease “is the right 


direction for China.” 


—WU YANGFENG, 
THE GEORGE INSTITUTE, CHINA 
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institutions involuntarily—a loophole exploited in 
the past to lock up unruly relatives after domestic 
disputes and, allegedly, political dissidents. “The 
most important aspect of the law is that it empha- 
sizes the protection of patients’ rights,” Xiang 
says. Not all psychiatrists are keen on the volun- 
tary commitment clause, fearing that it will compli- 
cate their work and reduce demand for psychiatric 
beds. Indeed, patients deemed a danger to others 
now have the right to request a reevaluation by two 
additional psychiatrists. 

The mental health community has its work 
cut out for it. A national epidemiological survey 
on mental health now under way—China’s first in 
20 years—should help elucidate what services are 
needed and where. But as needs in rural areas are 
clarified, convincing psychiatrists to leave cities 
will be difficult. “The idea is you're going to get all 
these psychiatrists out in the community. | don’t 
see it,” Phillips says. Another stumbling block may 
be convincing Chinese to seek help. Psychological 


counseling remains unaffordable for many, and medical insurance in China 
only partially covers mental health care, says Zhang Jianxin, deputy director 
of the Chinese Academy of Sciences’ Institute of Psychology in Beijing. But, 
he adds, the law sets an important precedent. “We have a saying in China: 
It’s better to have something than not to have it.” 


—M. H. 


a health policy expert at the University of 
Oxford in the United Kingdom. Huang points 
out that China’s roughly 200 million internal 
migrants—a “bridging” group that spreads 
HIV and other infectious diseases from high- 
risk groups like urban sex workers to low-risk 
groups like rural heterosexual women—are 
largely insured in their home towns, mean- 
ing far less than 95% of the population takes 
advantage of the new national program. 

The central government has tried to 
better cover migrant workers by allowing 
them to enroll in insurance at their urban 
workplaces. But combating chronic dis- 
eases will ultimately require much more 
than free checkups and 
treatments. “The most 
effective control is really 
prevention,” Yip says. At 
the top of the list, Huang 
says, should be enforc- 
ing the WHO Framework 
Convention on Tobacco 
Control—a tough task in a country with 
an entrenched tobacco lobby (Science, 
13 January 2012, p. 153). “We haven’t seen 
any government leaders publicly speak out 
against smoking,” he says. 

“Clearly there is still a long way to go,” 
Wu says. But the emphasis on chronic dis- 
ease is an important first step, he says: “That 
is the right direction for China.” 

—-MARA HVISTENDAHL 
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S en years ago, Science and the National Science Foundation (NSF) launched a 
unique experiment: an international competition to recognize the best examples of 
projects that bring scientific information to life. The goal was to encourage new ways 
to visualize data—efforts that are increasingly important for conveying scientific principles 
and ideas across disciplines and to the general public, and for revealing the hidden beauty 
of structures on scales from nanometers to the cosmos. The following pages showcase the 
winners of the 10th in what has become the annual International Science and Engineering 
Visualization Challenge. 

The 10th anniversary winners merge biology and physical science in interesting ways. 
They include a “wiring diagram” of the macaque brain (featured on the cover of this issue), 
which inspired a new type of computer chip; a scanning electron micrograph that reveals the 
crystal structure of a sea urchin’s tooth; a poster showing how the owl manages to swivel its 
head without shutting off blood to its brain; and a video of a computer model of the heart that 
marries imaging techniques with high-powered computing. 

We received 215 entries from 18 countries. A committee of staff members from Science 
and NSF screened the entries. Those selected as finalists were posted on NSF's Web site, and 
visitors were invited to vote for their top choice in each category. A total of 3155 votes came 
in; entries that received the most votes were named the “People’s Choice.” Independently, an 
outside panel of experts in scientific visualization reviewed the finalists and selected the win- 
ners. The winning entries are featured on the following pages, in a slideshow and podcast at 
www.sciencemag.org/special/vis2012, and at www.nsf.gov/news/scivis. Some entries were 
put together by large teams, not all of whose members could be listed in print; the online pre- 
sentations provide more details. Tarri Joyner of NSF organized this year’s challenge. 

We encourage you to submit applications for next year’s challenge, details of which will be 
available on NSF's Web site, and to join us in celebrating this year’s winners. 


JUDITH GAN, DIRECTOR, OFFICE OF LEGISLATIVE AND PUBLIC AFFAIRS, NSF 
COLIN NORMAN, NEWS EDITOR, SCIENCE 
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FIRST PLACE WINNER 


Connectivity of a Cognitive Computer 
Based on the Macaque Brain 


Emmett McQuinn, Pallab Datta, Myron D. Flickner, 
William P. Risk, and Dharmendra S. Modha, 
IBM Research - Almaden 


he ghostly neon swirl nearly stumped 

€ y the judges when they first looked at 
this illustration. Biologist and judge Michael 
Reddy says that a cognitive computer is “the 
last thing on Earth” he would have guessed 
that the image represented at first glance. 
Inspired by the neural architecture of a 
macaque, itis the wiring diagram for anew 
kind of computer that, by some definitions, 
may soon be able to think. 

Over the past 2 years, IBM's cognitive 
computing group in San Jose, California, 
has made great strides toward designing 
a computer that can detect patterns, plan 
responses, and learn from its mistakes, says 
Emmett McQuinn, a hardware engineer at 
IBM who designed the image. In 2011, the 
company demonstrated a new kind of com- 
puter chip, based on neural circuitry, that 
combines memory and computational pro- 
cessing for nimbler problem-solving in areas 
where traditional computers fall short, such 
as pattern recognition. Then, the company 
used data from studies of macaque brains to 
see how those “neurons” should link up, and 
simulated neural networks with billions of 
neurons and trillions of axons and synapses. 

The first step in creating an illustration 
to communicate the new wiring system 
was to reduce trillions and billions of data 
points to less overwhelming numbers. Even 
roughly 4000 nodes and 300,000 connections 
was challenging to get on a single page, 
McQuinn says. “Fortunately, nature has 
already thought of this.” First, he clustered 
and colored the nodes based on the 77 dif- 
ferent functional regions that neuroscientists 
have identified in the macaque brain. Then, 
after many draft layouts, he found a circular 
arrangement that pleased him. 

“They took something that we know 
works fantastically efficiently in nature— 
the circuitry of the brain—and applied that 
geometry to computing. Then, they found 
an elegant and beautiful way to display it.,” 
judge Thomas Wagner says. 
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HONORABLE MENTION AND PEOPLE'S CHOICE 


Cerebral Infiltration 
Maxime Chamberland, David Fortin, and Maxime Descoteaux, Sherbrooke Connectivity Imaging Lab 


A malignant brain tumor (red mass, left) in this person’s brain is wreathed by fine 


tracts of white matter. The red fibers signal danger: If severed by the neurosurgeon's 
scalpel, their loss could affect the patient's vision, perception, and motor function. Blue 
fibers show functional connections far from the tumor that are unlikely to be affected 
during surgery. Together, the red and blue fibers provide a road map for neurosurgeons 
as they plan their operations. 

Computer science graduate student Maxime Chamberland of the Sherbrooke Con- 
nectivity Imaging Lab in Canada produces images like these on a weekly basis, he says. 
Using an MRI technique that detects the direction in which water molecules move along 
the white matter fibers, he generates a three-dimensional image of functional connections 
in the brain. In addition to the image's haunting beauty, people respond to the frightening 
immediacy of the tumor, he says: “They want to know if the patient is ok.” Fortunately, this 
story has a happy ending: The tumor was removed with no functional damage. 
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Adaptations of the Owl's Cervical 
& Cephalic Arteries in Relation to 
Extreme Neck Rotation 


Fabian de Kok-Mercado, Michael Habib, Tim 
Phelps, Lydia Gregg, and Philippe Gailloud, Johns 
Hopkins University School of Medicine 


i fn animals would suffer a stroke 
or worse if they tried the owl's most 
famous party trick. Instead of moving their 
large, tubular eyes in their sockets, owls 
swivel their heads 270°. This poster explains 
the likely mechanism for the eerie ability. 


Owls were a “no-brainer” when Fabian 
de Kok-Mercado was searching for anew 


and unusual topic for his master’s thesis in 
medical illustration at Johns Hopkins Univer- 
sity in Baltimore, Maryland, in 2012, he says. 
After noticing a gap in the literature on owls’ 
carotid and vertebral arteries, he and several 
colleagues obtained 12 dead birds from edu- 
cational centers in Michigan and Missouri. 
Then they created three-dimensional images 
of the owls’ blood vessels and bones with a 
CT scanner and injected the birds with radio- 
opaque dye and liquefied red plastic to pre- 
serve their arteries before dissecting them. 
On close examination, the owls revealed 
surprising secrets, de Kok-Mercado says. For 
example, the owls’ transverse foramina— 
holes in the vertebrae that the vertebral arter- 
ies thread through on their way up the spine 
to the brain—are much bigger than the arter- 


ies themselves, allowing room for movement 
as the birds’ heads twist. In contrast, human 
vertebral arteries sit snugly inside their 
foramina, he says. The researchers found 
swellings in the birds’ arteries that likely act 
as reservoirs for pooling blood when the 
head is turned, he says, as well as “back- 
up” arteries that could help supply the brain 
when other arteries are pinched. 

The poster is primarily intended to help 
veterinarians care for injured birds, but the 
judges felt it will reward anyone who looks 
closely. “On the first pass, someone might 
wonder what the big deal is. But on a second 
pass, you'll get pulled in,” says judge Thomas 
Wagner. Owls can rotate their heads to a 
freakish degree; “this illustration answers 
the question ‘How does that really work?’ ” 


Adaptations of the Owl's Cervical & Cephalic Arteries in Relation to Extreme Neck Rotation 


Anterior 


‘Owls are able to rorate their heads a 
full 270°. This rotation compensates 
for their occular immobility. 


vertabrae. The transverse 
foramina course from the 
3rd to the 1th cervical 
vertebra and are absent 
from the 12th through 
the 14th, giving the 
arteries room to 
accomadate themselves, 
during neck rotations, 


asc. vertebral 

1 dese. vertebral 
+. 13th interseg. 13th interseg. 
f. caudal ext, carotid 1, caudal ext, carotid. 


common carotid 1. common carotid. 


‘The intermediate carotid arteries travel within the anterior aspect of the neck, where both arteries converge and run parallel in 
a groove located at the anterior aspect of the cervical vertebrae, the eanal caroticus, Both arteries are positioned close to the axis 


of rotation, decreasing the likelihood of stretching and/or occlusion of the arteries, 


‘The trigeminal artery connccts the cerebral carotid artery to the 
basilar artery through a foramen located in the dorsum sellae of 
the sphenoid bone. This provides an additional collateral pathway, 
assuring constant blood flow to the posterior aspect of the brain. 


Contractile reservoirs involving the origin of the 
maxillary and mandibular arteries as well as the 
distal portion of the internal carotid artery are 
hypothesized to provide constant blood flow ro the 
head during extreme head movements. 


internal car 

r. internal carotid 
. mandibular 
cranial ext, 
carotid 


t. ase. vertebral 
r. intermediate carotid 


3D-Fusion digital subtraction angio- 
graphy showing contractile reservoirs 


Point of View 


“The diameter of the transverse foramina of the cervical vertebrae is approximately 
ten times larger than the diameter of the vertebral artery. The arteties are proposed 
to be surrounded by air saes. This space cushions and accomodates the arteries. 


Coronal X-Section Through Sphenoid Bone 
‘& Hypophyseal Fossa 


Posterior View 


internal carotids 
(contractile reservoirs) 


‘Owls possess the Type-I inter-carotid anastomosis, the largest seen 
in birds. This provides the greatest amount of collateral flow between 
the cerebral carotid arteries, ensuring constant bilateral cerebral 
blood supply. 


“The basilar artery is formed by the union of the two eaudal rami which originate from the right 
and left cerebral carotid arteries respectively. This conformation is very rare amongst birds and 
provides an additional collateral pathway that is most likely linked to increased cervical mobility. 
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HONORABLE MENTION 


Earth Evolution: The Intersection of Geology and Biology 


Mark Nielsen, Satoshi Amagai, HHMI; Bill Pietsch, Davey Thomas, 
Astronaut 3 Media Group; and Andy Knoll, Harvard University 


f you think Pangaea was a supercontinent a long time ago 
and dinosaurs are ancient history, prepare for a dose of deep 

time. All 4.6 billion years of Earth's history are squeezed onto this 
poster. The whole history of land vertebrates from dinosaurs to 
humans is barely visible in the top right corner. Because of its rela- 
tively young age and minor role in planetary evolution, Pangaea 
didn't even make the cut. Far more prominentis the evolution of 
photosynthetic bacteria, which enabled the evolution of many new 
types of metabolism, including our own by generating oxygen. 

The poster draws connections between biological and geo- 
logical processes in Earth's history, such as mass extinctions, 
plate tectonics, and the greenhouse effect, says Mark Nielsen, a 
scientific education fellow at the Howard Hughes Medical Insti- 
tute in Chevy Chase, Maryland, who helped design the graphic. 

“A lot of things happened” in the wide swath of Earth’s history 
that isn't included on traditional posters, he says. For example, 
whereas many classic visualizations of life on Earth begin just 
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540 million years ago, when large animals became abundant, fe hey 


Earth Evolution tells a much longer story, stretching back 


3.8 billion years to the earliest evidence of life. 


PEOPLE'S CHOICE 


The Pharma Transport Town: Understanding 
the Routes to Sustainable Pharmaceutical Use 


Will Stahl-Timmins, Mathew White, Michael Depledge, 
and Lora Fleming, University of Exeter Medical School; 
Clare Redshaw, Plymouth University 


hat started as a series of linked text boxes grew 
into a town. While sketching ideas for this poster, 
which shows the fate of drugs after people consume 
them or throw them away, information designer Will 
Stahl-Timmins of the European Centre for Environment 
and Human Health found his drawings “spiraling out 
of control.” 

By his second attempt, he says, “I realized that it 
was starting to look like a city.” Stahl-Timmins decided 
to make the focal point of the graphic a river, and build a 
town around it. Working with an environmental chemist 
and an environmental psychologist, he added content 
on social factors, such as education, that affect drug 
usage and disposal, and showed gaps in knowledge 
such as how active pharmaceuticals may be when con- 
sumed unknowingly in food or water. 
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THE PHARMA 
TRANSPORT TOWN: 


UNDERSTANDING THE ROUTES TO 


One goal of the poster is to create a tool for policy- 
makers, he says. So far, so good—at a recent meeting 
with scientists and legislators discussing the Issue, he 
says the poster ended up covered in sticky notes. 
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No First Place was awarded 


HONORABLE MENTION 


CyGaMEs Selene II: A Lunar 
Construction GaME 


Debbie Denise Reese, Robert E. Kosko, 
Charles A. Wood, and Cassie Lighttfritz, 
Wheeling Jesuit University; Barbara G. 
Tabachnick, California State University, 
Northridge 


Sp) hat better way to learn how 
the moon was made than to 
build one? In this online game geared 
to grade 5-12 students, players cre- 
ate their own moon with raw space 
materials, then pummel it with aster- 
oids and flood it with lava. As they 
adjust the rates of accretion—new 
materials glomming onto the moon— 
and differentiation—materials of 
varying densities settling into a core, 
mantle, and crust—students cre- 

ate different kinds of moons and gain 
an intuitive grasp of the physics of 
collisions, says game theorist and 
principal investigator Debbie Denise 
Reese at Wheeling Jesuit University 
in Wheeling, West Virginia. Intro- 
ductory scientific concepts such as 
impact cratering and volcanism can 
be “gatekeepers” for students, she 
says. “Year after year, decade after 
decade, they block students from 
certain areas of study.” The goals of 
a CyGaMEs game like Selene are “to 
turn those concepts into something 
that the students can do with their 
bodies” and “measure learning while 
it occurs.” In CyGaMEs Selene II, she 
says, “getting the best score is figur- 
ing out the science.” 
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HONORABLE MENTION 


Velocity Raptor 
Andy Hall, TestlubeGames 


his dapper green dinosaur wear- 
ing a bright blue cape is in a hurry 
to save the world—in fact, she moves 
at nearly the speed of light. At such 
breakneck speeds, the world behaves 


2012 International Science & Engineering Visualization Challenge 


according to Albert Einstein's theory of 
special relativity. 

This poses practical problems for 
players who must guide the creature 
through a world that morphs accord- 
ing to her velocity, incorporating con- 
cepts such as Doppler shift and length 
contraction. As she changes speeds, 
for example, a slow stream of easily 
dodged bullets becomes a rapid-fire 
assault, and the surfaces she must tra- 


UNTANGLED 


Your Speed = 2.14 mph 
Light Sneed = 3 moh 


verse stretch, shrink, and bend. 

While Newtonian physics are fairly 
easy to grasp by “walking around and 
throwing rocks,” says game designer 
and physicist Andy Hall, special relativ- 
ity is much more difficult to understand 
because we don't directly experience 
it. Velocity Raptor is an attempt to “give 
people some intuition” about the physics 
of special relativity by letting them play 
with it themselves, Hall says. 


PEOPLE'S CHOICE 


Gayatri Mehta, University of North Texas 


hen faced with the problem of how to wire a more 

efficient computer chip, engineer Gayatri Mehta of 
the University of North Texas in Denton turned to crowd- 
sourcing. Inspired by a game that recruits online players 
to discover novel ways to fold proteins, Mehta designed 
UNTANGLED, a game in which users compete to make 
the most compact circuit layout on a grid. The real chal- 
lenge of designing the game was “how to hide all the tech- 
nical details so that people don’t get scared of it's being 
an engineering problem,” she says. To entice math and 
sciencephobes, she used bold color blocks and left out 
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the underlying algorithms. The game allows her to record 
millions of new moves and discover human strategies for 
circuit design that could be employed to develop smaller, 
more powerful, and longer-lasting electronic devices. “I've 
learned a lot,” she says. “People have amazing skills.” 
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Alya Red: A Computational Heart 


Guillermo Marin, Fernando M. Cucchietti, Mariano Vazquez, and Carlos Tripiana, 
Barcelona Supercomputing Center 


rom this tangled swirl of fibers, scientists hope to divine the deep- 
SF esi secrets of the human heart. Based on MRI data, each colored 
strand represents linked cardiac muscle cells that transmit electrical 
current and trigger a model human heartbeat. The image is an artistic 
rendering of Alya Red, anew computer model of the heart at the Barce- 
lona Supercomputing Center that marries modern medical imaging tech 
niques with high-powered computing. 

Despite centuries of study, scientists are still largely baffled by 
the heart's complex electrical choreography, says physicist Fernando 
Cucchietti, who helped produce the video. When faced with the chal- 
lenge of presenting Alya Red to a general audience through video, he 
says, “It took a lot of work to get a script that was engaging, but still 
scientifically deep enough for an expert eye to see interesting details.” 
The most challenging part was to get the heart fibers in the image 
above to move in a realistic way, Cucchietti says. At one point, he says, 
the animation showed the electrical currents moving backwards. “We 
had to keep going back to the scientists—did we mess something up?” 

“We wanted to create a sense of wonder at the complexity” of the 
heart itself, he says. The awe wasn't lost on the judges. “| was literally 
blown away,” says Michael Reddy. “After the first time | watched the 
video, | thought, “I've just changed the way | thought about a heart.” 


Observing the Coral Symbiome Using Laser 
Scanning Confocal Microscopy 


Christine E. Farrar, Zac H. Forsman, Ruth D. Gates , Jo-Ann C. 
Leong, and Robert J. Toonen, University of Hawai i, Manoa 


we o dyes or digital software produced the bril- 

liant color of these corals—the glory is all their 
own. Fluorescent molecules, innate to the corals and 
to the red algae that live inside and nourish them, 
shine like Christmas lights under different wave- 
lengths of light emitted by a confocal microscope. 

When she saw the corals under the lens for the 

first time, “my jaw just dropped,” says Ruth Gates, a 
coral biologist at the University of Hawai i, Manoa, 
and the narrator of the video. “Most people think 
corals are inanimate rocks,” she says. “We show- 
case how beautiful and dynamic they are as ani- 
mals.” In the video, which compiles the images into 
three-dimensional, time-lapse animations, corals 
extend and retract their glowing tentacles. Tiny crea- 
tures crawl over the corals, all part of a complex and 
threatened ecosystem. In the future, Gates says, it 
might be possible to use confocal microscopy to clas- 
sify different coral species or diagnose coral disease 
by their fluorescent patterns. Prior to applying this 
technique, she says, “that was not even a facet in our 
thinking about coral biology.” 
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HONORABLE MENTION 


Fertilization 
Thomas Brown, Nucleus Medical Media 


C lr ew narratives in biology are so iconic—or so 
frequently portrayed—as the epic voyage of 


the beleaguered sperm to the defensive egg. In most 
videos about human fertilization, however, “you see 
little parts of the journey, and then suddenly you see 
the sperm entering the egg,” says Thomas Brown, 
chief creative officer of Nucleus Medical Media in 
Kennesaw, Georgia. “It’s beautiful and iconic, but 

you don't really know how you got there.” Given new 
developments in the science of conception, as well as 
advancements in digital media, his team decided it was 
time for a remake. “Fertilization” starts with 300 million 
sperm, following their perilous journey up the cervix 
and into the fallopian tube with unprecedented detail 
and continuity, Brown says. By the time the last few 
dozen surviving sperm reach the egg, he says, “you're 
famished, troubled, and hopeful.” In a new twist based 
on recent science, he says, the first sperm to reach the 
egg is rewarded with an embrace, as the egg's inner 
membrane encloses and absorbs it. 
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Revealing Invisible Changes in the World 


Michael Rubinstein, Neal Wadhwa, Frédo Durand, 
William T. Freeman, and Hao-Yu Wu, MIT 


ay sleeping infant appears still, but its chest subtly 
rises and falls with steady breathing. A tower- 


ing crane looks stable, but rocks imperceptibly in the 
breeze. In this video, a team of computer scientists at 
the Massachusetts Institute of Technology in Cam- 
bridge demonstrates a new method of magnifying subtle 
changes normally invisible to the eye. “What the micro- 
scope did for visualizing minute objects, we hope to do 
for minute motions and changes,” says Ph.D. student 
Michael Rubinstein. Using video as input, the team ana- 
lyzes each pixel for slight variations in color over time— 
for example, rhythmic reddening in a man’s face as 
blood pulses through his veins. Then they apply an algo- 
rithm that magnifies the variation, and extract the infor- 
mation they need. By amplifying the man’s slight blush, 
for example, they were able to obtain his heartbeat. 
Among other applications, they say, the technique could 
help doctors take their patients’ vital signs remotely. 
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Transmission Studies Resume 
For Avian Flu 


IN JANUARY 2012, INFLUENZA VIRUS RESEARCHERS FROM AROUND 
the world announced a voluntary pause of 60 days on any research 
involving highly pathogenic avian influenza HSN1 viruses leading 
to the generation of viruses that are more transmissible in mammals 
(1). We declared a pause to this important research to provide time to 
explain the public health benefits of this work, to describe the mea- 
sures in place to minimize possible risks, and to enable organiza- 
tions and governments around the world to review their policies (for 
example, on biosafety, biosecurity, oversight, and communication) 
regarding these experiments. 

During the past year, the benefits of this important research have 
been explained clearly in publications (2-7) and meetings (8—/0). Mea- 
sures to mitigate possible risks 
of the work have been detailed 
(11-13). The World Health 
Organization has released rec- 
ommendations on laboratory 
biosafety for those conducting 
this research (/4), and relevant 
authorities in several countries 
have reviewed the biosafety, 
biosecurity, and funding con- 
ditions under which further 
research would be conducted 
on the laboratory-modified 
HSN1 viruses (J0, 15-17). 
Thus, acknowledging that the 
aims of the voluntary morato- 
rium have been met in some 
countries and are close to 
being met in others, we declare 
an end to the voluntary moratorium on avian flu transmission studies. 

The controversy surrounding HSN1 virus transmission research 
has highlighted the need for a global approach to dealing with dual- 
use research of concern. Developing comprehensive solutions to 
resolve all the issues will take time. Meanwhile, HS5N1 viruses con- 
tinue to evolve in nature. Because H5N1 virus transmission stud- 
ies are essential for pandemic preparedness and understanding the 
adaptation of influenza viruses to mammals, researchers who have 
approval from their governments and institutions to conduct this 
research safely, under appropriate biosafety and biosecurity condi- 
tions, have a public health responsibility to resume this important 
work. Scientists should not restart their work in countries where, as 
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Heterogeneity 
within tumors 
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yet, no decision has been reached on the conditions for HSN1 virus 
transmission research. At this time, this includes the United States 
and U.S.-funded research conducted in other countries. Scientists 
should never conduct this type of research without the appropri- 
ate facilities, oversight, and all the necessary approvals. We con- 
sider biosafety level 3 conditions with the considerable enhance- 
ments (BSL-3+) outlined in the referenced publications (//—13) as 
appropriate for this type of work, but recognize that some countries 
may require BSL-4 conditions in accordance with applicable stan- 
dards (such as Canada). We fully acknowledge that this research— 
as with any work on infectious agents—is not without risks. How- 
ever, because the risk exists in nature that an HSN1 virus capable 
of transmission in mammals may emerge, the benefits of this work 
outweigh the risks. 
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Eco-Compensation 
For Giant Panda Habitat 


CHINA'S ACHIEVEMENTS IN GIANT PANDA CON- 
servation (/) are now jeopardized by recent 
tenure reform of its 167 million hectares 
of collective forest (2). The reform enables 
individual farming households to transfer or 
lease operation rights to outside enterprises. 
By allowing commercial logging, increased 
collection of firewood and nontimber forest 
products, unmanaged tourism, and certain 
types of industrial development in collective 
forests where these activities were previously 
restrained, the reform threatens to deforest, 
degrade, or disturb up to 3457 km’ of giant 
panda habitat, or 15% of what remains. In 
one recent transaction, a timber company 
purchased 150 km? of collective forest in 
Shizhu County, Chongqing Province at a 
reported price of $2.3 million USD ($153 
USDj/ha) (3). 
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China spent more than $100 billion USD 
on eco-compensation to buy back develop- 
ment rights from local communities to secure 
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(4). Extending the eco-compensation program 
to giant panda habitats could reduce the threat 
that tenure reform poses to the giant panda 
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increase local economic benefits. Communi- 
ties would sign long-term binding preserva- 
tion agreements for forest habitats outside of 
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ence of the People’s Government of Kaihua 
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An additional $2.25 billion USD for effec- 
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tion could increase the population to sub- 
stantially more than the threshold of 1000 
individuals below which a stable population 
is classified as vulnerable (6). 
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Environmental Health 
Crucial to Food Safety 


IN ITS FIRST DECADE, THE EUROPEAN FOOD 
Safety Authority (EFSA) has made huge 
advances in addressing the risks posed by 
pathogens, contaminants, and additives 
along the whole food chain, from primary 
production to final consumption (“Amid 
Europe’s food fights, EFSA keeps its 
eyes on the evidence,” K. Kupferschmidt, 
News Focus, 30 November 2012, p. 1146). 
Consistent with its role in protecting food 
security, EFSA also has a mandate to assess 
risks to plant health from introduced pests 
and diseases (/). Yet, measures to secure 
the integrity of the food chain increasingly 
require assessments of risks, not to humans, 
crops, or livestock, but to the environment. 
EFSA is charged with assessing the envi- 
ronmental risks of biocides used in food 
decontamination, additives in animal feeds, 
pesticides, genetically modified organisms, 
and alien pests and weeds (2). The interrela- 
tionship between food safety and the environ- 
ment can only be expected to strengthen as 


the environmental impacts of new food tech- 
nologies, such as artificial sweeteners (3) and 
antimicrobial nanoparticles in food packag- 
ing (4), become more clearly understood. 
However, approaches to environmental 
risk assessment differ considerably among 
EFSA’s panels, ranging from species- 
specific ecotoxicology to measures of 
impacts at the level of entire ecosystems 
(5—7). A major future challenge will be the 
harmonization of environmental risk assess- 
ments. Harmonization has the potential to 
herald a new era of comparative risk assess- 
ments in which, for example, the environ- 
mental impact of pest-resistant genetically 
modified crops could be directly compared 
with the alternative pesticide regime. Unfor- 
tunately, despite its best efforts, the Euro- 
pean Commission has struggled to achieve 
such harmonization across risk sectors (8). 
EFSA might also run into conflict 
regarding jurisdiction with national environ- 
ment protection agencies and the European 
Environment Agency (EEA). The future will 
call for both EFSA and EEA to operate more 
closely together, much as the U.S. Food and 
Drug Administration and Environment Pro- 


tection Agency work to eliminate duplica- 
tive jurisdiction (9, /0). Given the pressing 
global challenge of food security (//), the 
next decade will require a more integrated 
approach to European food safety that 
weighs the risks to human, animal, and envi- 
ronmental health in a coordinated, objective, 
and transparent manner. 
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ART AND SCIENCE 


The Pleasure of Not Knowing 


Camillia Matuk 


hen in an interview, Richard 
Feynman lauded “the pleasure of 
finding things out” (/), he echoed 


the driving motivations of many other sci- 
entists: not just the satisfac- 
tion of achieving answers, 
but the enjoyment of their 
pursuit—of crafting ques- 
tions to be both testable and 
answerable and designing 
ways to investigate them. 
We often blame the popular 
image of science as one of 
objective, predetermined 
truth on the way educa- 
tion and the media reduce 
such narratives (2). But we might also blame 
the changing tools used to access scien- 
tific knowledge, as these also affect how we 
engage with its questions. 

Designers Jenny Volvovski, Julia Roth- 
man, and Matt Lamothe lament the loss of 
taking pleasure in the “sense of the unknown.” 
Topics that once would have engaged 
extended debate are now settled at the touch 
of a mobile device, where the 
Google search box stands poised 
to deliver its archive of human 
knowledge at our command. With 
information now so accessible, we 
demand immediate answers, but 
we lose the “most fun, the period of 
wonder and funny guesses.” “For- 
tunately, there are still mysteries 
that can’t be entirely explained in a 
few mouse clicks.” 

In The Where, the Why, and 
the How, the trio behind the Chi- 
cago- and New York-based design 
company Also pays homage to 
scientific uncertainty. After com- 
missioning more than 50 contrib- 
utors—researchers, academics, 
teachers, and librarians from mostly 
North American institutes—to pen 
summaries of current thinking on 
unanswered questions in science, 
they invited 75 prominent and 
emerging international artists and 
illustrators to respond with origi- 
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75 Artists Illustrate Wondrous 
Mysteries of Science 
Jenny Volvovski, Julia Rothman, 
and Matt Lamothe, Eds. 


Chronicle, San Francisco, 2012. 
167 pp. $24.95, £15.99. 
ISBN 9781452108223. 


nal visual interpretations. The resulting hard- 
cover features lavish two-page spreads, in 
which full-color illustrations face brief essays 
on an array of topics, including the physics 
of the universe, the social 
organization of primates, 
the intricacies of the human 
mind, and ecological rela- 
tionships between plants 
and animals. The table of 
contents reads as a litany of 
our curiosities and fears and 
is a measure of the scope 
of our worries (“Are nano- 
materials dangerous?”) and 
existential concerns (“What 
existed before the Big Bang?’’). Many entries 
overlap with the big unanswered questions 
identified in Science’s special 125th anniver- 
sary issue from 2005 (3). But whereas some 
touch on socially relevant issues (“Is sexual 
orientation innate?”’) and globally important 
ones (“Where will the next pandemic come 
from?”), others entertain more idle curiosities 
that widen the book’s appeal to a general audi- 
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ence (“Why do we hiccup?”). 

This highly browsable volume puts a new 
lens to the long-time relationship between art 
and science. As the editors explain, its very 
concept was inspired by historical medical 
illustrations: depictions of the structure of red 
blood cells from classroom diagrams of the 
1950s and charmingly inaccurate renderings 
of human anatomy from Japan’s Edo period. 
Today, such snapshots of our understanding at 
earlier times are records of the human pursuit 
of knowledge. At the same time, they exude a 
quaint air of naiveté. Developed from tradi- 
tions in editorial illustration, comics, graphic 
design, and the fine arts, the illustrations in 
The Where, the Why, and the How reflect on 
many levels a consciousness of their place 
in history. Whimsically modern-retro with 
a pop aesthetic, they appear to comment on 
the very practice of scientific illustration, 
putting images to our uncertainty that are 
less explanatory than they are metaphorical, 
allegorical, and symbolic. For example, in 
“Can anything escape a black hole?” Romeo 
and Juliet reach toward one another across a 
black hole to exchange the two particles cre- 
ated through Hawking radiation. For “Why 
do placebos work?” a blue elephant clutches 
a feather in its trunk and leaps into the air. In 
“Why do pigeons bob their heads when they 
walk?” we see a Muybridge-style cartoon of 
a bird’s locomotion. And for “Why do we fall 
for optical illusions?” clever repro- 
ductions of canonical illusions fool 
us into anticipating the tricks our 
eyes would play (e.g., “These cows 
are the same size. It’s true.”). Even 
the book trailer (4) is an artwork in 
its own right. 

Because the book shines in so 
many respects, it may leave read- 
ers wanting more in others. I would 
have appreciated references to 
theories cited, pointers to seminal 
studies, and short biographies if 
not links to the profiles of the sci- 
ence contributors to match the web- 
sites already printed beneath each 
artist’s name. And whereas variety 
adds to the book’s visual appeal, it 
may weaken the collective impact 
of the written contributions. Admit- 
tedly, each entry admirably articu- 
lates a complex topic in concise 
and engaging ways. The most 
effective essays convey the impor- 
tance of the question, the logic 
behind the competing hypotheses, 
and the methods pursued for find- 
ing the answers. The less effective 
ones meanwhile point unceremoni- 
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ously to answers and thus defeat the very fea- 
ture that otherwise sets this book apart from a 
conventional encyclopedia. 

The Where, the Why, and the How serves 
as a lovely time capsule of our contempo- 
rary concerns, curiosities, ignorance, and 
future ambitions. It repositions science as 
a field that poses and investigates questions 
and will surely be as engaging a read in the 


not-too-distant future (already, the entry for 
“What is the ‘god particle’?” is outdated). 
Volvovski, Rothman, and Lamothe offer a 
stunning collection that reimagines scientific 
wonder and that is an eloquent argument for 
slow living in an age of immediate access. 
Drawing on Feynman’s wisdom, the authors 
invite readers to savor the visceral pleasure 
of not knowing—taking delight in allowing 


thoughts to unravel and meander through 
alternative possibilities. 
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Red-and-green macaw (Ara chloropterus) with skin removed. 


The Unfeathered Bird. Katrina van Grouw. Princeton University Press, 
Princeton, NJ. 2013. 301 pp. $49.95, £34.95. ISBN 9780691151342. 
Although her detailed drawings of bones, skeletons, muscles, and other 
internal tissues would not be out of place in a treatise on avian anatomy, 
van Grouw intends them to reveal how birds’ “appearance, posture, and 
behavior influence, and are influenced by, their internal structure.” To 
this end, many of the birds are shown in lifelike poses or engaged in 
typical activities (e.g., a Eurasian sparrowhawk plucking its prey, a red- 
throated loon swimming underwater, and a Wilson’s storm petrel patting 
the water's surface with its feet). All 385 illustrations are from actual 
specimens—wherever possible, ones that the artist prepared at home. 
The 200 species depicted span most of the anatomical diversity of birds. 
Reflecting the book’s concerns with outward appearances and the effects 
of convergent adaptive evolution, the chapters are ordered on the basis 
of Linnaeus’s Systema Naturae. But the author includes discussions of 
the actual relationships in her informative text. 


Extinct Boids. Ralph Steadman and Ceri Levy. Bloomsbury, London. 
2012. 244 pp. £35. ISBN 9781408178621. Bloomsbury, New York, 
$50. ISBN 9781620401064. 

In early 2011, Levy invited Steadman to paint an extinct bird for an art 
project, Ghosts of Gone Birds, that was organized to raise awareness of 
endangered birds. The cartoonist’s enthusiasm for the project eventually 
led him to produce 110 paintings. This portfolio comprises iconic 
vanished species (such as great auk, passenger pigeon, and dodo), less- 
known taxa (e.g., robust white-eye and Colombian grebe), extant birds 
(some critically endangered; a few rather widespread), and numerous 
fantastic boids Steadman discovered in his imagination (including 
wizened twit and splattered shag). Levy’s commentary describes the 
genesis of these vibrantly colored, often humorous creations. 


Cuban macaw (Ara tricolor). Driven extinct by hunting, this island endemic 
was last reported in 1885. 
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Survey spot with sampling cube. The Duck River at Lillard’s Mill, Tennessee. 


BOOKS £7 AL. LL 
A World in One Cubic Foot: Portraits of Biodiversity. 

David Liittschwager. University of Chicago Press, Chicago. 2012. 

204 pp. $45, £29. ISBN 9780226481234. 

Photographer Liittschwager focuses on six cubic feet, each carefully chosen to 
characterize a particular rich habitat. He examines saltwater bay (beneath San 
Francisco's Golden Gate Bridge), cloudforest canopy (Monteverde, Costa Rica), 
coral reef (Moorea, Polynesia), deciduous forest floor (Central Park, New York), 
freshwater river (Duck River, Tennessee), and mountain fynbos shrubland (Table 
Mountain, South Africa). Deploying a metal cube to frame his samples, he 
recorded all the organisms visible to the naked eye that could be found in the 
cube over a typical 24 hours. The book presents selected individual portraits of 
these animals and plants, along with synoptic collages (and accompanying keys) 
that highlight the abundance of life at each site. Short essays by researchers and 
writers introduce the six settings. 
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Grazing gastropod. Pleurocerids such as panel elimia (Elimia laqueata) 
(2 cm) feed on the periphyton attached to submerged surfaces. 


Filter feeder. Pistolgrip (Quadrula verrucosa) (6.2 cm), a unionid bivalve. 
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ECOLOGY 


Hurdles and Opportunities 
for Landscape-Scale Restoration 


Myles H. M. Menz,'-2* Kingsley W. Dixon,'? Richard J. Hobbs? 


priority outcome from the 2012 
An Nations Rio+20 Conference 

on Sustainable Development (/) was 
the target to restore, by 2020, 150 million ha 
of disturbed and degraded land globally (2). 
An initiative of this scale is estimated to cost 
U.S. $18 billion per year and to provide U.S. 
$84 billion per year to the global economy 
(2). Although such initiatives have transfor- 
mative potential because of their scope and 
backing, they require technology and knowl- 
edge capacity to deliver proven, scalable 
restoration (3). Restoration processes must 
achieve the greatest value for money, as far 
as socioeconomic and biodiversity conser- 
vation outcomes, while avoiding costly and 
simplistic plantings (4). 

Although we recognize that preventing 
loss and damage in the first place is a far bet- 
ter investment than restoration after damage 
has occurred, we propose a four-point plan to 
ensure that restoration sustains and enhances 
ecological values: (i) identify focal regions 
with high restoration demands, (ii) iden- 
tify knowledge gaps and prioritize research 
needs to focus resources on building capac- 
ity, (iii) create restoration knowledge hubs to 
aggregate and disseminate knowledge at the 
science-practice interface, and (iv) ensure 
political viability by establishing economic 
and social values of functioning restored 
ecosystems. These points are interrelated 
and may occur in parallel. 

Ecological restoration, not just a matter of 
planting trees (5), involves assisting the recov- 
ery of a damaged or destroyed ecosystem (6). 
Landscape-scale restoration includes large, 
contiguous, or fragmented areas (equal to or 
greater than several km’). Restoration often 
takes place in an unpredictable socio-ecolog- 
ical context, involving multiple stakeholders 
and interests, where local actions aggregate 
into a broader context that considers land- 
scape flows and connectivity (see the figure). 
A realistic assessment of prior knowledge, 
technological capacity, financial viability, and 
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social license is needed for understanding sci- 
entific and practical constraints to achieving 
global restoration targets. Recent examples, 
such as China’s Great Green Wall and Grain 
for Green programs, although politically 
viable, could threaten ecosystem services 
through ill-placed restoration (7). In such situ- 
ations, the scientific support behind less-pop- 
ular options may have been ignored or simply 
may not be available. A key limitation is the 
lack of information on successes and failures 
in landscape-scale restoration projects (8) to 
guide more effective practice. Early engage- 
ment with science will be critical, such as 
Future Earth: Research for Sustainability, 
launched at Rio+20, which proposes coordi- 
nation and facilitation of global science (9). 


Identification of Focal Regions 

Success of landscape-scale restoration proj- 
ects will be more likely in some ecosystems 
and regions than others (/0). We should set 


Global 
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Scaling up restoration. Costs multiply as local 
patches are added, each requiring site treatment, 
seed or plant input, management, and so on. Addi- 
tional costs and knowledge are necessitated by land- 
scape and regional structures and processes (e.g., 
hydrological management or transaction costs 
among different land uses). Economies of scale may 
be possible. Scaling up to the global level requires 
multiplicative and additional costs relating to social 
and political requirements. 


Gaps in knowledge must be identified, 
capacities developed, and research translated 
into policy and practice. 


realistic goals (//—13) and identify ecosys- 
tems where resources are best positioned 
to achieve the most cost-effective results 
to maximize ecosystem services and bio- 
diversity gains. Professional societies, gov- 
ernments, the private sector, and nongov- 
ernmental organizations must collaborate 
through umbrella organizations such as 
the International Union for Conservation 
of Nature (IUCN) to set standards and pri- 
oritize ecosystems and regions for resource 
allocation. Such an approach has identified 
2 billion ha globally that provide forest res- 
toration opportunities (/4) where ecosystem 
services could be delivered through cost- 
effective natural and assisted regeneration. 

Drylands also provide landscape-scale 
restoration opportunities. Drylands, exten- 
sive in many parts of the world, have been 
identified as ecosystems that will suffer 
greatly from climate change, with deserti- 
fication likely to affect 30% of the world’s 
population (/5). Many drylands are major 
resource hubs that provide financial capac- 
ity to fund and implement research and res- 
toration (/5). 


Prioritization of Research Needs 
Once areas have been prioritized and fund- 
ing has been secured, key knowledge gaps 
for achieving landscape-scale restoration 
should be identified. There are few ecosys- 
tems for which we have sufficient knowl- 
edge to achieve restoration success beyond 
the local scale. A range of scalable, proven, 
and cost-effective capacities will be needed, 
e.g., the scaling-up of resources such as seed 
banks, to facilitate landscape-scale restora- 
tion (3). Approaches are being developed to 
prioritize actions depending on landscape 
conditions and likely effectiveness (/6, 17). 
Although long-term cost-effectiveness 
of most interventions remains unclear and 
may be potentially costly, some regional- 
scale projects may be relatively inexpen- 
sive. Linking restoration initiatives with 
evolving knowledge will allow for targeted, 
cost-effective interventions (/2), while 
avoiding actions that may make things 
worse in the longer term [e.g., (/8)]. For 
example, wetland systems where altered 
water flows have caused system decline can 
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be restarted by reinstating prior conditions, 
such as in the Mesopotamian Marshes (/9). 
Dryland restoration can be kick-started by 
providing simple physical barriers to water 
movement (20). 

There is growing awareness of the inter- 
disciplinary science packages required for 
restoration (/6) [e.g., microbiology (2/), 
seed science (3), and pollination ecology 
(22, 23)], integrated with socioeconomic 
expertise (24). There needs to be a balance 
between generally applicable approaches 
and solutions tailored to region- or ecosys- 
tem-specific requirements. Interdisciplin- 
ary actions—facilitated by umbrella orga- 
nizations such as the Society for Ecologi- 
cal Restoration, IUCN, and Conservation 
International—would provide project car- 
riage beyond the typical 3- to 5-year funding 
cycles. Although funding agencies and uni- 
versities need to play a key role in support- 
ing these programs, lobbying by umbrella 
organizations would be an important step in 
establishing the process. Successful collab- 
orative initiatives [e.g., (25)] provide solid 
footing for future programs. 


Restoration Knowledge Hubs 

Effective information transfer is paramount 
to the success of landscape-scale restoration 
projects and to avoid repeating costly mis- 
takes while closing the science-practice gap 
(13). Attempts to bridge this gap are often 
local in focus. Restoration ecologists need 
to take responsibility for translating their 
science into on-the-ground actions (/3, 26). 
Successful science-practice communication 
must be two-way to achieve the greatest ben- 
efit, as practitioners are valuable for identi- 
fying knowledge gaps and guiding research. 
Evidence-based literature and information 
repositories should be developed for the res- 
toration sciences (27). 

Few restoration initiatives provide for 
dialogue with the restoration sciences. 
The Australian government is spending 
A$lbillion (U.S. $1 billion) to restore 18 
million ha of degraded land, yet, is silent on 
links to science or provision of investment 
in research (28). This is despite the acknowl- 
edgment of the southwest Australian biodi- 
versity hot spot as a region where restoration 
need far outstrips scientific knowledge (3). 

Professional scientific associations can 
compile scientific knowledge and restora- 
tion practice and act as information clearing- 
houses (/3). The Global Restoration Network 
(29) provides a Web-based hub for informa- 
tion on restoration projects. Initiatives such as 
Future Earth provide hope for linking tech- 
nology, innovation, and science (30). Gov- 
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ernments and funders of ecological restora- 
tion must develop practice-based templates 
for global capacity-building and measures for 
streamlining knowledge dissemination. 


Political Viability of Restoration 
Landscape-scale restoration projects are 
likely to work best when initiators are moti- 
vated by both environmental and social 
issues or either one [e.g., (3/)]. Good sci- 
ence is required to ensure that the programs 
are a success, although achieving long-term, 
dual ecological and social goals remains 
challenging [e.g., (32, 33)]. Restoration 
will provide economic benefits worldwide 
(34), particularly if ecosystem services are 
matched with biodiversity conservation, 
including nonmarket services (35, 36). Cre- 
ating rigorous economic valuation and effi- 
cient markets for the wide range of ecosys- 
tem services is a critical step, with much still 
to be done. 

Net benefits of sustainable, ecologically 
resilient restoration (/3, 37) must be com- 
municated in a compelling way to policy- 
makers and practitioners if longer-term 
funding opportunities are to be realized, 
particularly support for science programs 
to fill knowledge gaps. Scientists need to 
shift from a focus on journal writing and 
professional conferences to reach a broader 
community and political audience who will 
make the call on restoration funding. Such 
a dialogue must remain science-based. For 
example, evaluation of cost-effectiveness 
based on ecosystem service return showed 
that many dry forest restoration approaches 
may be economic failures (38). Robust anal- 
yses like this are important for identifying 
false, politically damaging assumptions of 
restoration programs, e.g., China’s Great 
Green Wall (7). 

However, in some cases, given the social 
and ecological values of restoration, costs 
need not be considered a hurdle, but a chal- 
lenge to improve our technology in develop- 
ing more cost-effective techniques. 


Not a Magic Bullet 

Restoration is often viewed simplistically, 
as if science and practice were well estab- 
lished. Restoration ecology is not a magic 
bullet that provides instant ecosystems of 
the desired type, but an emerging science 
less than four decades old. In many cases, 
restoration projects fall short of reinstating 
functional ecosystems akin to their natu- 
ral reference sites (/0). For example, res- 
toration projects developed in exchange for 
habitat destruction elsewhere are becoming 
more prevalent, resulting in losses of high- 
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quality ecosystems that we are not yet able 
to restore (10). Deciding on useful targets 
in a period of rapid environmental change 
is another area of discussion in restoration 
ecology (//, /3). 

Restoration knowledge hubs are most 
often associated with developed, boreal 
economies. For landscape-scale restoration 
to be effective, science funding and technol- 
ogy development need to realize targets that 
go beyond such local scales. Restoration is 
but one tool; with effective management 
and prevention of further damage to natural 
areas, restoration would become less urgent. 
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CANCER 


Cancer Cell Phenotypes, 
in Fifty Shades of Grey 


Andriy Marusyk and Kornelia Polyak 


cal differences between malignant cells 

originated within the same tumor. Pos- 
sible explanations for this include genetic 
heterogeneity (resulting from the inherent 
genetic instability of cancer combined with 
evolutionary dynamics) and cell differen- 
tiation hierarchies in tumor cell populations 
(J—3). However, the results of Kreso et al. (4) 
on page 543 of this issue strongly suggest that 
biological differences between tumor cells 
can be due to additional mechanisms. 

To explore functional heterogeneity 
within tumors, Kreso ef al. traced the fates of 
single cell-derived clones from 10 different 
human primary colorectal tumors over mul- 
tiple serial transplantations in mouse xeno- 
grafts. Analysis of copy number alterations 
and deep sequencing for mutational hotspots 
in 42 cancer genes revealed that a number of 
xenografts retained the genomic profile of 
the primary tumor, whereas in some cases 
the first transplant and the parental tumor 
displayed substantial genetic differences 
indicative of clonal selection during xeno- 
graft growth, but in subsequent transplants 
the tumors remained genetically fairly stable. 
Deep sequencing of the mutational hotspots 
in distinct single cell-derived clones also 
showed high concurrence, implying relative 
genetic homogeneity within xenografts. 

Despite this genetic homogeneity, the dif- 
ferent cancer clones that Kreso et al. observed 
in a tumor—made distinguishable through 
unique genomic integration sites of a lentivi- 
ral vector as a marker—displayed notable dif- 
ferences in behavior during serial transplan- 
tation. In addition to persistent clones that 
were observed through multiple passages 
and clones that became extinct with serial 
passages, the authors identified clones with 
rather unexpected behaviors. Some of these 
unusual clones remained below the detec- 
tion threshold during the initial passages 
but reemerged with later transplantations; 
another pattern was the disappearance below 
threshold in mid-passages and reappearance 
in subsequent transplants. Although these 
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proliferation 
Distinct clonal 
populations 


Intratumor heterogeneity is a major obstacle 
in successfully eradicating tumors. 


proliferation 


Changes in clonal dynamics due to therapeutic interventions 


Reduced tumor growth 


Chemotherapy 


Low proliferation 


(reduced sensitivity to 
chemotherapy) 


Increased proportion 
of population 


Differences in clonal behavior. (Top) A tumor that has not been exposed to therapies consists of clones 
that display distinct behaviors (shown by different colors). The tumor is generally dominated by clones with 
high proliferative output that can be detected through serial xenograft transplantations into immunodefi- 
cient mice. In the absence of therapy, the proportion of different types of clones can change randomly. (Bot- 
tom) By contrast, chemotherapy increases the proportion of clones with lower proliferative output, which in 
turn translates into reduced overall tumor growth even after the treatment is stopped. This change in clonal 
landscape likely reflects the reduced sensitivity of sLower-proliferating clones to chemotherapy. The differ- 
ences in proliferative output among clones are unlikely to be linked to genetic differences or position in 


differentiation hierarchies. 


observations did not necessarily mean that 
all distinct clonal behavior patterns reflect 
meaningful biological diversity, mathemati- 
cal modeling and statistical analyses sug- 
gested clonal differences in proliferative out- 
puts. Notably, treatment of xenograft-bearing 
mice with oxaliplatin—a chemotherapeutic 
agent commonly used in colorectal cancer 
patients—preferentially eliminated persistent 
clones and increased the proportion of clones 
that were initially below the detection thresh- 
old (see the figure). 

What mechanism could explain these dif- 
ferences in clonal behavior? Although it is 
formally possible that the different clones 
were genetically distinct, the stability of copy 
number alteration profiles and concordance 
for mutational hot spots renders this possibil- 


ity unlikely, at least for the nuclear genome. 
Nor can the differences in proliferative out- 
puts between the clones be explained on the 
basis of “traditional” distinctions between 
stem cells and non-stem cells, because tumor 
engraftment and maintenance over multi- 
ple passages fulfill the definition of cancer 
stem cells. Cell differentiation hierarchy is 
not the only type of nongenetic heterogene- 
ity, as genetically identical cells can display 
phenotypic variability due to stochasticity in 
gene expression and signaling pathways—a 
phenomenon known as cellular heterogeneity 
(5). However, phenotypic differences associ- 
ated with cellular heterogeneity are relatively 
transient, and it is not clear whether they 
could account for the apparently stable differ- 
ences in clonal behavior. 
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A more likely explanation is the involve- 
ment of one or more distinct semistable epi- 
genetic states that cannot be directly mapped 
to a differentiation hierarchy. In bacte- 
rial cell populations, a fraction of cells ran- 
domly assumes a distinct phenotype that is 
characterized by resistance to stress, includ- 
ing antibiotic treatment, at the expense of 
reduced proliferation rates (6). The reemer- 
gence of previously minor clones after oxali- 
platin treatment and their ability to initiate 
new tumors (although at smaller size) sug- 
gest the presence of such slow-growing dor- 
mant clones. Similarly, a distinct phenotypic 
transition characterized by altered chromatin 
organization has been described recently as 
a mechanism of resistance to anti-epidermal 
growth factor receptor therapy in human lung 
cancer (7). Although the cells are locked in 
this epigenetic state for multiple population 
doublings, they can eventually revert back to 
their original drug-sensitive state. 

Kreso ef al. do not reveal mechanisms 
responsible for the variability in clonal 
behavior. Still, the study has several impor- 
tant implications. It highlights the need to 
adequately understand epigenetic mecha- 
nisms that underlie cancer cell phenotypes, 
including studies of cellular heterogeneity 
and more stable distinct epigenetic states 
(stochastic and deterministic heterogeneity). 


That therapeutic resistance can be caused by 
distinct epigenetic states (7), which can be 
prevented by targeting epigenetic regulators, 
opens up new opportunities for improved 
cancer treatment. The conclusions of Kreso 
et al. also warrant more careful assessments 
of studies interpreted through the cancer stem 
cell paradigm. Quantitative analysis of such 
studies frequently reveals numerical incon- 
sistencies that can invalidate the conclusions 
(8). Refraining from mapping the differences 
in cancer cell phenotypes into differentia- 
tion hierarchies would lead to more accurate 
scientific interpretation of the data, which is 
critical for clinical translation. For example, 
despite relatively limited experimental evi- 
dence, it is widely assumed that therapeutic 
resistance is fueled by the preferential sur- 
vival of cancer stem cells, whereas the results 
of Kreso et al. suggest that a therapy-resistant 
state might be unrelated to “stemness” per 
se. Cancer cell phenotypes are not black and 
white but rather display a continuum of many 
different colors and shades. 

Kreso et al. analyzed colorectal cancers 
that are fairly homogeneous for tumor-driv- 
ing genetic alterations (i.e., mutations in the 
APC-Wnt-f-catenin signaling pathway are 
observed in nearly all human colorectal can- 
cer) and these tumors were further genetically 
“homogenized” by passing through a selec- 
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tion bottleneck created by xenotransplanta- 
tion. However, phenotypic heterogeneity in 
the majority of human cancers is likely to be 
more complex, as it represents the integration 
of both genetic and nongenetic inputs. There- 
fore, adequate understanding and eradication 
of cancers requires a comprehensive picture 
that accounts for all major inputs that dictate 
tumor cell behaviors, including their response 
to current and future therapies. Technological 
advances that enable the complete molecular 
and functional profiling of individual cancer 
cells, as well as improved mathematical mod- 
els built on actual clinical and experimental 
observations, will likely allow us to construct 
these pictures in the not-so-distant future. 
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CHEMISTRY 


Toward Molecular-Scale MRI 


Philip Hemmer 


agnetic resonance imaging (MRI) 
is a mainstay of medical diag- 
nostics, allowing nondestructive 


imaging inside opaque objects with high 
resolution. There have been many attempts 
to use MRI to image small objects such as 
living cells, because the resolution can be 
well below the optical diffraction limit. 
However, the detection sensitivity of con- 
ventional MRI falls rapidly for smaller fea- 
ture sizes, making it impossible to resolve 
features smaller than a few micrometers 
with this method. Two reports in this issue, 
by Mamin et al. on page 557 () and Stau- 
dacher et al. on page 561 (2), demonstrate 
the ability to detect volumes of a few cubic 
nanometers, comparable to the size of large 
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protein molecules. These independent stud- 
ies are a crucial step toward molecular-scale 
magnetic resonance imaging. 

In conventional MRI and the related 
chemical diagnostic nuclear magnetic reso- 
nance (NMR), magnetic nuclei such as pro- 
tons are excited by a radiofrequency field, 
plus a large magnetic field gradient in the 
case of MRI. The resulting magnetic signal 
emitted by the excited nuclei is collected 
by a magnetic induction coil, much like the 
antenna loop used in ultrahigh-frequency 
TV reception, and digitally processed to 
produce a spectrum or three-dimensional 
image. However, as the image voxel size 
is shrunk to allow imaging of ever smaller 
objects, the magnetic signal becomes too 
weak to be extracted from the background 
magnetic noise in the environment. To mit- 
igate this noise, the antenna loop can be 
shrunk, but so far this approach has not 
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Use of a diamond-based nanomagnetometer 
reduces the detection volume of MRI to the 
level of individual protein molecules. 


allowed MRI to achieve a resolution beyond 
a few micrometers. 

To circumvent this problem, nonconven- 
tional detection techniques are needed. The 
first of these was magnetic resonance force 
microscopy (MRFM), developed by Rugar et 
al. nearly two decades ago (3). This approach 
takes advantage of the force between two 
magnets: the nuclear or electron spins being 
imaged on the one hand and a powerful 
nanomagnet attached to the tip of a scanning 
probe on the other. This approach allowed 
detection and imaging of single electrons (4) 
and imaging of ensembles of nuclei in a virus 
particle (5). However, it required ultralow 
temperatures and could therefore not be used 
to image dynamic samples in ambient envi- 
ronments, like living cells. 

Another approach uses a diamond- 
based nanomagnetometer to sense the mag- 
netic fields generated by small ensembles of 


1 FEBRUARY 2013 


529 


Downloaded from www.sciencemag.org on January 31, 2013 


PERSPECTIVES 


530 


nuclear spins. The magnetometer consists of a 
single nitrogen-vacancy (NV) color center in 
diamond; it can operate at room temperature 
in almost any environment (6, 7). Previously, 
NVs implanted just below the surface of a 
bulk diamond have been used to demonstrate 
near-single-electron spin detection and crude 
one-dimensional imaging for electron spins 
outside of the diamond crystal (8). However, 
imaging of nuclei will be required to observe 
the structure and conformations of individual 
molecules under ambient conditions. 

By implementing different advanced 
noise suppression techniques, Mamin et al. 
and Staudacher et al. have succeeded in using 
near-surface NVs to detect small volumes of 
proton spins outside of the diamond crystal. 
Both authors conclude that their observed 
signals are consistent with a detection volume 
on the order of (5 nm) or less. This sensitivity 
is comparable to that of the cryogenic MRFM 
technique and should be adequate for detect- 
ing large individual protein molecules. Both 
groups also project much smaller detection 
volumes in the future by using NVs closer to 
the diamond surface. Staudacher et al. expect 
to improve sensitivity by using the NV to 
spin-polarize the nuclei. Mamin et al. project 
that sensitivity may eventually approach the 
level of single protons, provided that the NV 
coherence time can be kept long enough. 

To confirm that the observed signals indeed 
arose from spins outside of the diamond, both 
groups cleaned the surface to verify that the 
magnetic proton signals disappeared. This 
was necessary as single nuclear spins were 
already detected up to a few nanometers dis- 
tance inside the diamond lattice (9), but most 
of the envisioned applications require probing 
spins in the external environment. 

Mamin e¢ al. also observed the temporal 
evolution of the probed nuclear spins. This 
is only one small step from a fully functional 


nano-MRI, because in 
conventional MRI, images 
are acquired by recording 
the time evolution in the 
presence of applied mag- 
netic field gradients. 

The two approaches 
have different strengths. 
Mamin ef al. manipulate 
the sample spins with an 
additional radiofrequency 
field; this approach allows 
complex protocols of classic NMR to be 
implemented easily. In contrast, Staudacher et 
al. use passive spectroscopy, which does not 
require an additional radiofrequency field. 

If magnetic impurities on the diamond 
surface can be sufficiently controlled, it 
should be possible to image subnanometer 
volumes of nuclear spins. In this case, single- 
molecule dynamics like protein folding or 
the action of catalysts in chemical reactions 
might be observable in real time. Further- 
more, if these techniques can be extended to 


The future of live-cell imaging. In this cartoon of a possible future application of a 
diamond-based nanoscale MRI-machine, a single NV inside a diamond nanocrystal is 
used to image a ribosome in the act of transcription inside a live cell. Mamin et al. and 
Staudacher et al. report a first step toward such a machine by demonstrating detection 
of protein-sized volumes of nuclear spins under ambient conditions. 


NVs in nanodiamonds, such processes might 
be observable in more interesting ambient 
environments like living cells (see the fig- 
ure). In contrast to competing techniques like 
fluorescence resonance energy transfer, the 
NV could accomplish this task with a larger 
dynamic range and without the need for sepa- 
rate labels at each site to be monitored. Such 
capability would substantially enhance our 
understanding of structural biology and bio- 
molecular processes, as well as numerous 
additional applications. 
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MICROBIOLOGY 


Undernutrition—Looking Within 


for Answers 


David A. Relman'? 


A link between the gut microbiota and conditions of undernutrition point to possible therapeutic 


interventions. 


ndernutrition—a condition resulting 

from inadequate intake or assimila- 

tion of nutrients—underlies more 
than one-third of all deaths worldwide in chil- 
dren younger than 5 years of age (/). Enteric 
infectious disease and undernutrition exac- 
erbate and perpetuate each other by means 
of impaired innate and adaptive immune 
responses. Together they produce an insidi- 
ous condition called environmental enteropa- 
thy in which damaged gut mucosal architec- 
ture and function are associated with malab- 
sorption, dysregulation of mucosal perme- 
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ability, and inflammation. This vicious cycle 
leaves approximately one-fifth of children in 
the world stunted, and leads to a wide range 
of continuing health and developmental prob- 
lems, possibly including cognitive impair- 
ment and metabolic syndrome in adulthood 
(2). Maternal malnutrition brings about mal- 
nutrition in their children [shockingly, nearly 
one-third of women in Bangladesh (3), as 
well as in other countries with similar levels 
of poverty, suffer from this condition]. These 
multiple, interwoven, and mutually reinforc- 
ing factors pose major challenges for efforts 
to address this situation. On page 548 of this 
issue, Smith ef al. (4) show, with the use of 
an animal model, that the gut microbiota is 
involved in propagating a form of severe 
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acute undernutrition called kwashiorkor 
(see the figure). Like previous data linking 
the microbiota with obesity (5), these find- 
ings are remarkable. They also provide hope, 
in that by understanding the role of the gut 
microbiota in undernutrition, we can devise 
new ecologically inspired strategies for cor- 
recting this problem. 

Smith ef al. recruited 317 twin pairs in 
rural southern Malawi and followed them 
with periodic fecal sampling until they 
were 3 years of age. They selected 13 same- 
gender twin pairs that were discordant for 
kwashiorkor and 9 twin pairs that were 
well-nourished, and then characterized their 
fecal microbiomes. Twin pairs with kwashi- 
orkor were treated with ready-to-use “thera- 
peutic food” for a mean duration of 9 weeks. 
By relying on the same-gender mono- and 
dizygotic twin pairs (genetically identical 
twins and fraternal twins, respectively), 
they could isolate the impact of genetics 
and household environment. 

A key finding of Smith ef al. is that the 
overall gene content (which generally pre- 
dicts functions) of the fecal microbiota in the 
kwashiorkor-afflicted children, in contrast to 
that of the well-nourished children, fails to 
develop with increasing age, even with the 
use of therapeutic food. Although there was 
an initial change in the gene content of the 
microbiota with initiation of therapeutic food, 
it was not sustained. The latter finding is dis- 
appointing but not surprising, given the many 
other determinants (besides diet) of the “fit- 
ness landscape” of the gut (that is, the like- 
lihood of community stability under a vari- 
ety of ecosystem conditions). To clarify the 
role of the gut microbiota in determining host 
nutritional state, as well as to tease apart the 
contributions of diet and microbiota, Smith 
et al. collected fecal microbial communities 
from three discordant twin pairs at the time of 
kwashiorkor diagnosis and transferred them 
into germ-free mice. The mice were fed a diet 
based on the typical foods of these human 
donors in Malawi. Two of the three groups of 
mice that received microbiota from a kwash- 
iorkor-affected twin lost weight, but only if 
they were fed a diet based on the typical foods 
of these Malawian donors. Mice that received 
microbiota from a healthy sibling, or fed stan- 
dard mouse chow, did not lose weight. A sub- 
sequent 2 weeks of treatment with therapeu- 
tic food produced weight gain in all groups 
of mice, and a return to the Malawian diet 
again led to weight loss in the recipients of 
the kwashiorkor microbiota. Meaningful 
changes in fecal taxonomic, gene, and metab- 
olite content accompanied these transplanta- 
tions and dietary shifts in the recipient mice. 
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Abundance of bifidobacteria and lactobacilli, 
as well as amounts of essential and nonessen- 
tial amino acids in fecal samples, increased 
in mice that received kwashiorkor microbiota 
during administration of therapeutic food, 
albeit temporarily. Notably, in mice harbor- 
ing a kwashiorkor microbiota that were fed 
a Malawian diet, analysis of urinary metabo- 
lite abundance and microbiome composition 
revealed inhibition of the tricarboxylic acid 
cycle (indicative of impaired cellular metab- 
olism and energy production of the host). 
In general, the data reinforce the concept of 
host-microbiota cometabolism; however, 
additional human subjects with kwashiorkor 
and other forms of undernutrition should be 
studied to confirm these findings. 

The findings of Smith ef al. are a reminder 
that isolated factors, such as individual 
microbes or even entire microbial commu- 
nities, alone cannot explain complex pheno- 
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types such as undernutrition, and that correc- 
tion of these phenotypes will require a coor- 
dinated system-wide approach. Modifica- 
tion of the gut microbiota may improve the 
nutritional state of individuals with kwashi- 
orkor, but accomplishing this will not be 
easy. Genetic determinants of the host that 
impact microbiota composition and function 
are just beginning to be identified (6, 7). For 
example, murine angiotensin I converting 
enzyme 2 (ACE2), a key regulatory enzyme 
of the renin-angiotensin system (which con- 
trols blood pressure and fluid balance), was 
unexpectedly linked with tryptophan absorp- 
tion in the small intestine and activation of the 
signaling protein mammalian target of rapa- 
mycin (mTOR), which in turn triggered the 
expression of small antimicrobial peptides in 
the gut (8). Further, tryptophan deficiency led 
to diminished antimicrobial peptide expres- 
sion, altered microbiota taxonomic composi- 


Vicious cycle of undernutrition 


Malabsorption 


Nutritional state. A child suffering from undernutrition (the condition kwashiorkor) is shown. The dia- 
gram (lower right) shows the interplay between factors that sustain a state of undernutrition. An ecologi- 
cal fitness landscape of the human-microbial ecosystem (upper right) illustrates how there are deep stabil- 
ity “domains(or “basins of attraction”) associated with undernutrition and overnutrition; other stability 
domains are associated with more healthy nutritional states. Therapeutic food alone is insufficient to induce 
a sustained shift in the gut ecosystem state (solid red arrow) that would cause an undernourished individual 
to achieve a more healthy nutritional state (dashed red arrow). Correction of this self-propagating condition 
will require multiple, concurrent measures to remold the environmental landscape of the host gut, thereby 
inducing a shift toward a gut microbiome with more efficient nutrient utilization (energy harvest) and fewer 


intrinsic proinflammatory properties. 
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tion, and an enhanced propensity for inflam- 
mation in the colon. It could be that human 
genetic variation in ACE2 function or expres- 
sion is associated with distinct physiological 
states of the gut epithelium as well as with 
distinct microbiota compositions in the gut; 
these variable factors may affect the absorp- 
tive function of the epithelium, with implica- 
tions for the host nutritional state. 

The history of environmental exposures 
and health status of a woman before and dur- 
ing pregnancy affect the intrauterine develop- 
ment of her child, as well as her own micro- 
biota—which in turn is transmitted to her 
child at birth. In the setting of this inherited 
history, early postnatal exposures to enteric 
pathogens with subsequent inflammatory 
responses in the gut, altered immune system 
development, and damaged intestinal barrier 
function, as well as antibiotic use, insuffi- 
cient food intake, and macro- and micronu- 
trient deficiencies, all conspire to produce an 
ecological fitness landscape in the host with 


strong undernutrition-associated stability 
domains, and high barriers preventing shifts 
to health-associated states. Signaling within 
the microbiota, and between it and the host, 
can perpetuate this pathologic state. 

Thus, the challenge in ecological terms 
is to devise a strategy for altering the fitness 
landscape in such a manner as to favor tran- 
sitions to health-associated stable states (9). 
Indeed, there are multiple possible points 
of attack. Possible therapeutic approaches 
include delivery of defined microbial 
strains—either alone or as collectives— 
key nutrients for host and microbiota, mol- 
ecules that exploit microbiota-host signaling 
or trigger self-regenerative responses in the 
gut mucosa and epithelia, and modulators 
of mucosal immune function. The degree 
to which these approaches should be indi- 
vidualized for different subjects and clinical 
settings is not yet clear, nor are the means 
by which the resulting beneficial effects can 
be made to persist. But we are well on our 


way toward the kind of detailed understand- 
ing of the human microbial ecosystem and 
its molecular and physiological features that 
will be necessary to enable the design and 
testing of these approaches. 
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PHYSICS 


Measuring Mass in Seconds 


John E. Debs, Nicholas P. Robins, John D. Close 


or centuries, humans have measured 

time by counting oscillations of 

highly regular periodic motion—the 
Sun, a pendulum, or a quartz crystal, for 
example. During the past 50 years, we have 
chosen to use the electromagnetic oscilla- 
tions, which drive absorption in an atom—a 
highly stable and universal frequency refer- 
ence. Such atomic clocks define the SI sec- 
ond via an atomic resonance in cesium (/). 
The second is the most precisely defined 
physical unit. Although it may seem obvi- 
ous now, making the leap from performing 
precise spectroscopy on the atomic structure 
of cesium to using its atomic structure as 
a precise reference to stabilize other oscil- 
lators was profound. On page 554 of this 
issue, Lan et al. (2) make an analogous dis- 
tinction between performing momentum- 
spectroscopy on a recoiling atom, and using 
that spectroscopy to stabilize an oscillator, 
effectively locking a clock to the mass of a 
particle. This result has important implica- 
tions for fundamental physics and precision 
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measurement, and could play a role ina new 
definition of the kilogram. 

Einstein’s theory of relativity gives us the 
equivalence of energy and mass, while quan- 
tum mechanics links energy and frequency. 
Thus, there is, at least theoretically, a direct 
link between a particle’s rest mass and time, 
expressed by the Compton frequency @, = 
mc’/h. Here, m is the rest mass of the par- 
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Reference oscillator 
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An atom interferometer and an optical 
frequency comb measure the Compton 
frequency of a cesium atom, creating a 
“clock” that weighs atoms. 


ticle, c is the speed of light, and A is Planck’s 
constant h divided by 27. For an atom such 
as cesium, @, is on the order of 107° Hz— 
an extremely high frequency to attempt to 
access experimentally. Strictly speaking, 
because a quantum state evolves at a rate 
directly proportional to its energy, @, will 
contribute to its evolution. 

A frequently appearing quantity in quan- 
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Locking a “Compton clock.” A schematic representation of the experiment of Lan ef al., in which an atom 
interferometer measures the recoil frequency of a cesium-133 atom with lasers locked to a known frequency- 
comb line. This method ensures that the recoil frequency is a defined fraction of the Compton frequency of 
the atom. This signal stabilizes a reference oscillator, which is the reference for all frequencies in the system, 
including the frequency comb itself. In this way, a clock is locked to the mass of an atom. 
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tum theory is the ratio h/m, measurement 
of which can be thought of as a determi- 
nation of @, (scaled by c’). In recent years, 
h/m experiments have become an important 
independent measurement of the fine struc- 
ture constant because //m is the least well- 
known quantity in its definition: a = (2R../c) 
(h/m)(m/m,), where m, is the electron mass 
and Roo is the Rydberg constant. Indepen- 
dent measurements of are tests of quantum 
electrodynamics, and there has been substan- 
tial work on measuring © with atom interfer- 
ometers (3—5). 

In an atom interferometer, matter waves 
are split and recombined by using pulses of 
light. Counterpropagating laser beams stim- 
ulate the absorption and emission of a pho- 
ton, transferring a well-defined momentum 
to the atom. For two laser beams with the 
same frequency, the momentum transferred 
is 2hk, where k is the wave number of the 
light (the reciprocal of its wavelength times 
21) (6). Thus, the recoil energy of the atom is 
given by E = 4h’k?/2m = 4hq,, where @, is the 
photon recoil frequency. Because the phase 
of the matter wave evolves according to this 
energy, the interferometer phase is propor- 
tional to w, (5, 7, S), and such a device can 
be thought of as a momentum spectrometer, 
provided the particle’s mass is known. This 
simplified description of an atom-interfero- 
metric measurement of the recoil frequency 
is nonrelativistic. More importantly, knowl- 
edge of the laser wave number allows the 
value for h/m to be extracted from the mea- 
sured recoil frequency. 

Alternatively, in a relativistic descrip- 
tion, the phase evolution of a matter wave 
is proportional to the mass-energy, and the 
phase shift of the interferometer is given 
by Ao = 2@,7(y' — 1). Here, T is the time 
it takes for the matter wave pulse to move 
between the beamsplitter and mirror pulses 
of the interferometer, and y! = (1 — v’/c?)!” 
is the inverse Lorentz factor from special 
relativity. The recoil velocity imparted to the 
atoms, v, is determined by the photon wave 
number, ’. Although atomic recoil veloci- 
ties in experimentally realizable regimes 
are on the order of centimeters per second, 
well below the speed of light, the relativis- 
tic effect of time dilation can be viewed as 
the source of the interferometer phase shift. 
In the extreme relativistic limit where v > 
c, the interferometer phase develops at the 
full Compton frequency, and the relativistic 
description elucidates how a measurement 
of h/m can be interpreted as a measurement 
of @,. However, such a measurement still 
requires an independent determination of 
the laser wave number. 
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Lan et al. run an experiment configured 
similarly to an 4/m measurement, the differ- 
ence being that they have eliminated the laser 
frequency as a free variable in their system by 
using a frequency comb. A frequency comb 
is an optical “ruler” in frequency space that 
enables an absolute measurement of opti- 
cal frequencies (9). The laser that drives the 
recoiling atoms is locked to a chosen comb 
line, and the interferometer signal becomes 
directly proportional to a defined fraction of 
the Compton frequency. A common oscilla- 
tor, used to derive all frequencies for the sys- 
tem, is then stabilized directly to the interfer- 
ometer signal (see the figure). 

By defining the ratio of the laser fre- 
quency to @, via the comb, all quantities in 
the interferometer signal are now defined 
except for mass. Thus, the system locks the 
common oscillator—a clock—to the mass 
of an atom. An //m experiment measures 
the energy of a recoiling atom as a function 
of its momentum, a quantity that depends 
on its mass. This experiment is subtly dif- 
ferent from that of Lan et al., which uses 
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this measurement to stabilize an oscillator. 
This method is a direct analogy to stabiliz- 
ing an oscillator by using the spectroscopy 
of cesium, in contrast to measuring the spec- 
troscopy of cesium. By linking time to the 
mass of an atom, the “Compton clock” has 
intriguing prospects for the measurement of 
time and definition of the kilogram. 
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GEOCHEMISTRY 


Carbon Cycle Makeover 


Donald E. Canfield' and Lee R. Kump? 


Enhanced levels of anaerobic respiration processes may explain oscillations in Earth’s carbon cycle. 


n 1845, the French chemist and mining 

engineer Jacques-Joseph Ebelman fig- 

ured out why Earth’s atmosphere contains 
oxygen (/). Oxygen is produced by plants 
during photosynthesis, but almost all of this 
oxygen is used again in respiration. Ebelman 
reasoned that small amounts of organic mat- 
ter remaining in sediments after respiration 
leave a residual of oxygen in the atmosphere. 
The source of oxygen to the atmosphere 
represented by organic matter burial is bal- 
anced by oxygen sinks associated with rock 
weathering and chemical reaction with vol- 
canic gases. This is the long-term carbon and 
oxygen geochemical cycle. But Earth is an 
old planet, and oxygen levels have changed 
through time (2). On page 540 of this issue, 
Schrag et al. (3) challenge the most com- 
monly used geochemical approach to assess 
long-term changes in the coupled oxygen and 
carbon cycles. 
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High on the list of factors controlling 
oxygen levels is the burial rate of organic 
carbon into sediments through time. 
Decades ago, geochemists began to mea- 
sure the carbon isotope distributions in plant 
organic matter and in carbonate minerals in 
modern and ancient marine sediments (4). 
They found that the carbon isotope ratios 
differed between organic and inorganic car- 
bon. To a first approximation, these differ- 
ences could be explained by a preferential 
incorporation of '*C atoms over °C atoms 
into organic matter during photosynthe- 
sis. Patterns in the isotopic compositions of 
both inorganic and organic carbon species 
through geologic time provide clues to the 
burial history of organic carbon. 

These patterns are normally interpreted 
through a very simple mass balance (see the 
figure, panel A). Rock-weathering—derived 
carbon enters the ocean from rivers in inor- 
ganic form, with a 6'%C usually taken as the 
average for Earth crust. Carbon exits into 
sediments in inorganic form as carbonate 
minerals and also as organic carbon. The 
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organic carbon has a lower 6"C than, 
the inorganic carbon by an amount 
depending on the fractionation of 
isotopes during photosynthesis. 
However, the combined isotopic 
composition of the inorganic and 
organic carbon leaving the oceans 
must equal the isotopic composition 
of the inorganic carbon entering it. 
Thus, if a large amount of organic 
carbon is buried, removing a lot of 
carbon with low 815C, the 6°C of 
the inorganic carbon removed must 
be high. In contrast, if little organic 
carbon is buried, the 6°C in the inor- B 
ganic carbon should approach that 
of the carbon entering the oceans. 
Using this approach, rates of organic 
carbon burial, and thus oxygen lib- 
eration to the atmosphere, have been 
inferred through geologic time. 

As Schrag et al. highlight, how- 
ever, the carbon isotope record is 
not always so easy to explain. This 
is particularly true in Precambrian 
rocks that show large and long-term 
enrichments in the 6°C of carbon- 
ate minerals. With the traditional 
model, these events require massive 
amounts of organic carbon burial, 
liberating huge amounts of oxygen 
to the atmosphere. But what trig- 
gered these extreme carbon cycling 
events, how were they sustained, and 
where is the independent geochemi- 
cal evidence that they occurred? 

Equally troubling are very 
strong depletions in the 6°C of carbonate 
minerals (5, 6). These depletions can extend 
to values less than the weathering input and 
are thus impossible to explain within the tra- 
ditional carbon mass-balance model. Expla- 
nations for these isotope deviations have 
therefore focused on short-term events, such 
as the massive oxidation of °C-depleted 
dissolved organic matter or methane, or 
the preferential weathering of '°C-depleted 
organic material from land. In another set of 
explanations, the carbon isotopes could have 
been affected by late-stage processes within 
Earth with no relation to ocean chemistry. 
None of these explanations have gained uni- 
versal acceptance (6). 

Schrag et al. provide a clever explanation 
for both the positive and the negative carbon 
isotope excursions. They argue that on an 
Earth with much less oxygen than today— 
as was likely during the Precambrian—the 
decomposition of organic matter in sedi- 
ments by anaerobic respiration processes 
like sulfate and iron reduction would boost 
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Carbon burial reconsidered. In the traditional model (A), carbon loss 
through organic carbon and carbonate burial balances carbon input from 
continental weathering. Arrow sizes approximate the relative sizes of the 
input and output fluxes. The more carbon is lost through organic matter 
burial, the greater the 6°C of the carbonate output. Schrag et al. now 
propose a third output flux through authigenic carbonate formation (B). 
This removal pathway is 64°C-depleted compared to the weathering input, 
and changes in its flux can change the 6"C of carbonate sediments with 
no change in the organic carbon burial flux. 


carbonate alkalinity to the point where car- 
bonate minerals (known as authigenic car- 
bonates) would readily form. Because this 
alkalinity was generated from oxidation of 
3C-depleted organic matter or methane, the 
carbonate formed would also be ''C-depleted 
and very different in isotopic composition 
than carbonates formed in surface seawa- 
ter, from which the carbon isotope record is 
mostly constructed. 

In this scenario, large increases in the 6°C 
of inorganic carbon, as revealed from surface 
seawater carbonates, resulted not from high 
organic carbon burial rates but rather from 
enhanced burial of '*C-depleted authigenic 
carbonates (see the figure, panel B). Like- 
wise, highly '°C-depleted inorganic carbon 
values were either caused by a reduced depo- 
sition rate of authigenic carbonates or are a 
direct record of the ''C-depleted authigenic 
carbonates themselves. 

With this view of the carbon cycle, 
the carbon isotope record loses its link to 
organic carbon burial and oxygen liberation 


to the atmosphere. The implications 
are huge. 

There are, however, some impor- 
tant issues to consider. First, sulfate 
reduction and iron reduction domi- 
nate organic carbon mineralization 
in modern sediments where organic 
carbon burial is rapid (7). These sed- 
iments generate considerable car- 
bonate alkalinity (8), but only small 
amounts of authigenic carbonate are 
formed on a global scale (3). It is 
not clear how these processes would 
have produced much more authi- 
genic carbonate in the past, par- 
ticularly because modern systems 
exposed to little oxygen produce 
only small amounts of authigenic 
carbonate minerals (8). 

Second, if the model proposed 
by Schrag ef al. is correct, authi- 
genic carbonate production dur- 
ing the large positive 6'°C excur- 
sions should be widely preserved 
in organic-rich sediments. We 
should actively search for these. The 
large negative 6°C excursions, if 
they record authigenic carbonates, 
require that enormous amounts of 
organic matter have been converted 
to inorganic carbon. However, many 
rocks housing these excursions con- 
tain very little organic matter (9), not 
obviously consistent with the large 
amounts of organic matter diagene- 
sis required by Schrag et al.’s model. 

Finally, the large negative 5'°C excursions 
of the late Precambrian provide well-defined 
and globally coherent isotope events (6), 
yet sediment diagenetic reactions are highly 
variable in space and time. It remains to be 
shown how a globally coherent pattern can 
result from these processes. Nonetheless, 
new ideas take time to mature, and Schrag 
et al. have brought a fresh new approach to 
solving some puzzling problems with our 
understanding of the carbon cycle. 


References 

1. J.J. Ebelman, Ann. des Mines 7, 3 (1845). 

2. L.R. Kump, Nature 451, 277 (2008). 

3. D.P. Schrag et al., Science 339, 540 (2013). 

4. H. Craig, Geochim. Cosmochim. Acta 3, 53 (1953). 

5. L.R. Kump et al., Science 334, 1694 (2011). 

6. J.P. Grotzinger, D. A. Fike, W. W. Fischer, Nat. Geosci. 4, 
285 (2011). 

7. D.E. Canfield, E. Kristensen, B. Thamdrup, Aquatic 
Geomicrobiology (Academic Press, New York, 2005). 

8. C.E. Reimers, K. C. Ruttenberg, D. E. Canfield, M. B. 
Christiansen, J. B. Martin, Geochim. Cosmochim. Acta 
60, 4037 (1996). 

9. D.T. Johnston, F. A. Macdonald, B. C. Gill, P. F. Hoffman, 
D. P. Schrag, Nature 483, 320 (2012). 


10.1126/science.1231981 


1 FEBRUARY 2013 VOL339 SCIENCE www.sciencemag.org 


Published by AAAS 


Downloaded from www.sciencemag.org on January 31, 2013 


Carbon Nanotubes: 


Present and Future 


Commercial Applications 


Michael F. L. De Volder,""73* Sameh H. Tawfick,”> Ray H. Baughman,° A. John Hart*>* 


Worldwide commercial interest in carbon nanotubes (CNTs) is reflected in a production capacity that presently 
exceeds several thousand tons per year. Currently, bulk CNT powders are incorporated in diverse commercial 
products ranging from rechargeable batteries, automotive parts, and sporting goods to boat hulls and water 
filters. Advances in CNT synthesis, purification, and chemical modification are enabling integration of CNTs 

in thin-film electronics and large-area coatings. Although not yet providing compelling mechanical strength or 
electrical or thermal conductivities for many applications, CNT yarns and sheets already have promising 
performance for applications including supercapacitors, actuators, and lightweight electromagnetic shields. 


inders of one or more layers of graphene 
(denoted single-wall, SWNT, or multiwall, 

MWNT), with open or closed ends (/, 2). Perfect 
CNTs have all carbons bonded in a hexagonal lat- 
tice except at their ends, whereas defects in mass- 
produced CNTs introduce pentagons, heptagons, 
and other imperfections in the sidewalls that gen- 
erally degrade desired properties. Diameters of 
SWNTs and MWNTSs are typically 0.8 to 2 nm 
and 5 to 20 nm, respectively, although MWNT di- 
ameters can exceed 100 nm. CNT lengths range 
from less than 100 nm to several centimeters, there- 
by bridging molecular and macroscopic scales. 

When considering the cross-sectional area of the 
CNT walls only, an elastic modulus approaching 
1 TPa and a tensile strength of 100 GPa has been 
measured for individual MWNTs (3). This strength is 
over 10-fold higher than any industrial fiber. MWNTs 
are typically metallic and can carry currents of up 
to 10” A cm (4). Individual CNT walls can be me- 
tallic or semiconducting depending on the orientation 
of the graphene lattice with respect to the tube axis, 
which is called the chirality. Individual SWNTs can 
have a thermal conductivity of 3500 Wm! K' at 
room temperature, based on the wall area (5); this 
exceeds the thermal conductivity of diamond. 

The beginning of widespread CNT research 
in the early 1990s was preceded in the 1980s by 
the first industrial synthesis of what are now known 
as MWNTs and documented observations of hol- 
low carbon nanofibers as early as the 1950s. How- 
ever, CNT-related commercial activity has grown 
most substantially during the past decade. Since 
2006, worldwide CNT production capacity has 
increased at least 10-fold, and the annual number 
of CNT-related journal publications and issued 
patents continues to grow (Fig. 1). 


C arbon nanotubes (CNTs) are seamless cyl- 
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Most CNT production today is used in bulk 
composite materials and thin films, which rely on 
unorganized CNT architectures having limited prop- 
erties. Organized CNT architectures (fig. S1) such 
as vertically aligned forests, yarns, and sheets show 
promise to scale up the properties of individual 
CNTs and realize new functionalities, including 
shape recovery (6), dry adhesion (7), high damp- 
ing (8, 9), terahertz polarization (/0), large-stroke 
actuation (J/, /2), near-ideal black-body ab- 
sorption (/3), and thermoacoustic sound emis- 
sion (/4). 

However, presently realized mechanical, ther- 
mal, and electrical properties of CNT macrostruc- 
tures such as yarns and sheets remain significantly 
lower than those of individual CNTs. 


@ 
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Meanwhile, buoyed by large-volume bulk pro- 
duction, CNT powders have already been incorpo- 
rated in many commercial applications and are now 
entering the growth phase of their product life cy- 
cle. In view of these trends, this review focuses on 
the most promising present and future commercial 
applications of CNTs, along with related challenges 
that will drive continued research and development. 
Lists of known industrial activity and commercial 
products are given in tables S1 through S3. 


CNT Synthesis and Processing 


Chemical vapor deposition (CVD) is the domi- 
nant mode of high-volume CNT production and 
typically uses fluidized bed reactors that enable 
uniform gas diffusion and heat transfer to metal 
catalyst nanoparticles (5). Scale-up, use of low- 
cost feedstocks, yield increases, and reduction 
of energy consumption and waste production (/6) 
have substantially decreased MWNT prices. How- 
ever, large-scale CVD methods yield contaminants 
that can influence CNT properties and often re- 
quire costly thermal annealing and/or chemical 
treatment for their removal. These steps can in- 
troduce defects in CNT sidewalls and shorten 
CNT length. Currently, bulk purified MWNTs are 
sold for less than $100 per kg, which is 1- to 10-fold 
greater than commercially available carbon fiber. 
The understanding of CVD process conditions 
has enabled preferential synthesis of metallic (/7) 
or semiconducting SWNTs (/8) with selectivity of 
90 to 95%, doping of CNTs with boron or nitrogen 
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Fig. 1. Trends in CNT research and commercialization. (A) Journal publications and issued worldwide patents 
per year, along with estimated annual production capacity (see supplementary materials). (B to E) Selected CNT- 
related products: composite bicycle frame [Photo courtesy of BMC Switzerland AG], antifouling coatings 
[Courtesy of NanoCyll, printed electronics [Photo courtesy of NEC Corporation; unauthorized use not permitted]; 
and electrostatic discharge shielding [Photo courtesy of NanoComp Technologies, Incorporated]. 
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(19, 20), and flow-directed growth of isolated 
SWNTs up to 18.5 cm long (2/). However, im- 
proved knowledge is urgently needed of how CNT 
chirality, diameter, length, and purity relate to cat- 
alyst composition and process conditions. In situ 
observation of CNT nucleation (22) and molecular 
modeling of the CNT-catalyst interface (23) will be 
critical to advances in chirality-selective synthesis. 

Alternatively, high-purity SWNT powders can 
be separated according to chirality by density- 
gradient centrifugation in combination with selective 
surfactant wrapping (24) or by gel chromatog- 
raphy (25). Although many CNT powders and sus- 
pensions are available commercially, the production 
of stable CNT suspensions requires chemical mod- 
ification of the CNT surface or addition of surfac- 
tants. Washing or thermal treatment is typically 
needed to remove surfactants after deposition of 
the solution, such as by spin-coating or printing. 

Moreover, because SWNT synthesis by CVD 
requires much tighter process control than MWNT 
synthesis and because of legacy costs of research 
and process development, bulk SWNT prices are 
still orders of magnitude higher than for MWNTs. 
Use of MWNTSs is therefore favored for applica- 
tions where CNT diameter or bandgap is not crit- 
ical, but most emerging applications that require 
chirality-specific SWNTs need further price re- 
duction for commercial viability. 

Alternatively, synthesis of long, aligned CNTs 
that can be processed without the need for dispersion 
ina liquid offers promise for cost-effective realization 
of compelling bulk properties. These methods in- 
clude selfaligned growth of horizontal (26) and ver- 
tical (27) CNTs on substrates coated with catalyst 
particles and production of CNT sheets and yarns 
directly from floating-catalyst CVD systems (28). 
CNT forests can be manipulated into dense solids (29), 
aligned thin films (30), and intricate three-dimensional 
(3D) microarchitectures (37) and can be directly 
spun or drawn into long yarns and sheets (32, 33). 


Composite Materials 


MWNTs were first used as electrically conduc- 
tive fillers in plastics, taking advantage of their 
high aspect ratio to form a percolation network 
at concentrations as low as 0.01 weight percent 
(wt %). Disordered MWNT-polymer composites 
reach conductivities as high as 10,000 S m' at 
10 wt % loading (34). In the automotive in- 
dustry, conductive CNT plastics have enabled 
electrostatic-assisted painting of mirror housings, 
as well as fuel lines and filters that dissipate elec- 
trostatic charge. Other products include electro- 
magnetic interference (EMI)-shielding packages 
and wafer carriers for the microelectronics industry. 

For load-bearing applications, CNT powders 
mixed with polymers or precursor resins can in- 
crease stiffness, strength, and toughness (35). Add- 
ing ~1 wt % MWNT to epoxy resin enhances 
stiffness and fracture toughness by 6 and 23%, re- 
spectively, without compromising other mechan- 
ical properties (36). These enhancements depend 
on CNT diameter, aspect ratio, alignment, disper- 
sion, and interfacial interaction with the matrix. 


Many CNT manufacturers sell premixed resins 
and master batches with CNT loadings from 0.1 
to 20 wt %. Additionally, engineering nanoscale 
stick-slip among CNTs and CNT-polymer contacts 
can increase material damping (37), which is used 
to enhance sporting goods, including tennis rac- 
quets, baseball bats, and bicycle frames (Fig. 1C). 

CNT resins are also used to enhance fiber 
composites (35, 38). Recent examples include 
strong, lightweight wind turbine blades and hulls 
for maritime security boats that are made by using 
carbon fiber composite with CNT-enhanced resin 
(Fig. 2A) and composite wind turbine blades. CNTs 
can also be deployed as additives in the organic 
precursors used to form carbon fibers. The CNTs 
influence the arrangement of carbon in the py- 
rolyzed fiber, enabling fabrication of 1-11m diam- 
eter carbon fibers with over 35% increase in strength 
(4.5 GPa) and stiffness (463 GPa) compared with 
control samples without CNTs (39). 

Toward the challenge of organizing CNTs at 
larger scales, hierarchical fiber composites have 
been created by growing aligned CNTs forests onto 
glass, SiC, alumina, and carbon fibers (35, 40, 4), 
creating so-called “fuzzy” fibers. Fuzzy CNT-SiC 
fabric impregnated with epoxy showed crack- 
opening (mode I) and in-plane shear interlaminar 
(mode II) toughnesses that are enhanced by 348 
and 54%, respectively, compared with control spec- 
imens (40), and CNT-alumina fabric showed 69% 
improved mode II toughness (4/7). Multifunctional 
applications under investigation include lightning- 
strike protection, deicing, and structural health mon- 
itoring for aircraft (35, 40). 


Material design 


(A) 


CNT-fiber laminate 


In the long run, CNT yams and laminated sheets 
made by direct CVD or forest spinning or drawing 
methods may compete with carbon fiber for high-end 
uses, especially in weight-sensitive applications re- 
quiring combined electrical and mechanical func- 
tionality (Figs. 1E and 2B). In scientific reports, yarns 
made from high-quality few-walled CNTs have reached 
a stiffness of 357 GPa and a strength of 8.8 GPa but 
only for a gauge length that is comparable to the 
millimeter-long CNTs within the yarn (28). Centimeter- 
scale gauge lengths showed 2-GPa strength, corre- 
sponding to a gravimetric strength equaling that 
of commercially available Kevlar (DuPont). 

Because the probability of a critical flaw in- 
creases with volume, macroscale CNT yarns may 
never achieve the strength of the constituent CNTs. 
However, the high surface area of CNTs may pro- 
vide interfacial coupling that mitigates these defi- 
ciencies, and, unlike carbon fibers, CNT yarns can 
be knotted without degrading their strength (32). 
Further, coating forest-drawn CNT sheets with func- 
tional powder before inserting twist has provided 
weavable, braidable, and sewable yarns containing 
up to 95 wt % powder, which have been demon- 
strated as superconducting wires, battery and fuel 
cell electrodes, and self-cleaning textiles (42). 

High-performance fibers of aligned SWNTs can 
be made by coagulation-based spinning of CNT sus- 
pensions (43). This is attractive for scale-up if the 
cost of high-quality SWNTs decreases substantially 
or if spinning can be extended to low-cost MWNTs. 
Thousands of spinnerets could operate in parallel, 
and CNT orientation can be achieved via liquid 
crystal formation, like for the spinning of Kevlar. 


Example application 


CNT yarns and sheets 


Yarn 


Coax cable 


EM shield 


Fig. 2. Emerging CNT composites and macrostructures. (A) Micrograph showing the cross section of a carbon fiber 
laminate with CNTs dispersed in the epoxy resin and a lightweight CNT-fiber composite boat hull for maritime 
security boats. [Images courtesy of Zyvex Technologies] (B) CNT sheets and yarns used as lightweight data cables 
and electromagnetic (EM) shielding material. [Images courtesy of Nanocomp Technologies, Incorporated] 


1 FEBRUARY 2013. VOL 339 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on January 31, 2013 


Besides polymer composites, the addition of 
small amounts of CNTs to metals has provided 
increased tensile strength and modulus (44) that 
may find applications in aerospace and automotive 
structures. Commercial Al-MWNT composites have 
strengths comparable to stainless steel (0.7 to 1 GPa) 
at one-third the density (2.6 g cny°). This strength is 
also comparable to Al-Li alloys, yet the ALMWNT 
composites are reportedly less expensive. 

Last, MWNTs can also be used as a flame- 
retardant additive to plastics; this effect is mainly 
attributed to changes in rheology by nanotube load- 
ing (45). These nanotube additives are commer- 
cially attractive as a replacement for halogenated 
flame retardants, which have restricted use because 
of environmental regulations. 


Coatings and Films 


Leveraging CNT dispersion, functionalization, 
and large-area deposition techniques, CNTs are 
emerging as a multifunctional coating material. 
For example, MWNT-containing paints reduce 
biofouling of ship hulls (Fig. 1C) by discour- 
aging attachment of algae and barnacles (46). 
They are a possible alternative to environmen- 
tally hazardous biocide-containing paints. Incor- 
poration of CNTs in anticorrosion coatings for 
metals can enhance coating stiffness and strength 


while providing an electric pathway for cathodic 
protection. 

Widespread development continues on CNT- 
based transparent conducting films (47) as an alter- 
native to indium tin oxide (ITO). A concern is that 
ITO is becoming more expensive because of the 
scarcity of indium, compounded by growing demand 
for displays, touch-screen devices, and photovol- 
taics. Besides cost, the flexibility of CNT transparent 
conductors is a major advantage over brittle ITO 
coatings for flexible displays. Further, transparent 
CNT conductors can be deposited from solution (e.g., 
slot-die coating, ultrasonic spraying) and patterned 
by cost-effective nonlithographic methods (e.g., screen 
printing, microplotting). Recent commercial develop- 
ment effort has resulted in SWNT films with 90% 
transparency and a sheet resistivity of 100 ohm per 
square. This surface resistivity is adequate for some 
applications but still substantially higher than for 
equally transparent, optimally doped ITO coatings 
(48). Related applications that have less stringent 
requirements include CNT thin-film heaters, such as 
for defrosting windows or sidewalks. All of the above 
coatings are being pursued industrially (see table S3). 


Microelectronics 


High-quality SWNTs are attractive for transistors 
because of their low electron scattering and their 
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Fig. 3. Selected CNT applications in microelectronics. (A) Flexible TFTs using CNT networks deposited by 
aerosol CVD. [Schematic and photograph reprinted by permission from Macmillan Publishers Limited; scanning 
electron microscopy image courtesy of Y. Ohno] (B) CNT-based nonvolatile random access memory (NRAM) cell 
fabricated by using spin-coating and patterning of a CMOS-compatible CNT solution. [Images courtesy of 
Nantero, Incorporated] (C) CMOS-compatible 150-nm vertical interconnects developed by imec and Tokyo 
Electron Limited. [Image courtesy of imec] (D) CNT bumps used for enhanced thermal dissipation in high power 


amplifiers. [Image courtesy of Fujitsu Limited] 
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bandgap, which depends on diameter and chiral 
angle. Further, SWNTs are compatible with field- 
effect transistor (FET) architectures and high-k 
dielectrics (26, 49). After the first CNT transistor 
in 1998 (50), milestones include the first SWNT- 
tunneling FET with a subthreshold swing of 
<60 mV decade" in 2004 (49, 51) and CNT-based 
radios in 2007 (52). In 2012, SWNT FETs with 
sub-10-nm channel lengths showed a normalized 
current density (2.41 mA um’! at 0.5 V), which is 
greater than those obtained for silicon devices (53). 

Despite the promising performance of indi- 
vidual SWNT devices, control of CNT diameter, 
chirality, density, and placement remains insuffi- 
cient for microelectronics production, especially 
over large areas. Therefore, devices such as transistors 
comprising patterned films of tens to thousands of 
SWNTs are more immediately practical. The use 
of CNT arrays increases output current and com- 
pensates for defects and chirality differences, improv- 
ing device uniformity and reproducibility (26). For 
example, transistors using horizontally aligned CNT 
arrays achieved mobilities of 80 cm* V's |, sub- 
threshold slopes of 140 mV decade™', and on/off 
ratios as high as 10° (54). These developments are 
supported by recent methods for precise high- 
density CNT film deposition methods, enabling 
conventional semiconductor fabrication of more 
than 10,000 CNT devices in a single chip (55). 

CNT thin-film transistors (TFTs) are particu- 
larly attractive for driving organic light-emitting 
diode (OLED) displays, because they have shown 
higher mobility than amorphous silicon (~1 cm? 
V's!) (56) and can be deposited by low- 
temperature, nonvacuum methods. Recently, flex- 
ible CNT TFTs with a mobility of 35 cm’ V's 
and an on/off ratio of 6 x 10° were demonstrated 
(Fig. 3A) (56). A vertical CNT FET showed suffi- 
cient current output to drive OLEDs at low voltage 
(57), enabling red-green-blue emission by the OLED 
through a transparent CNT network. Promising com- 
mercial development of CNT electronics includes 
low-cost printing of TFTs (58), as well as radio- 
frequency identification tags (59). Improved under- 
standing of CNT surface chemistry is essential for 
commercialization of CNT thin-film electronics; recent 
developments enable, for example, selective reten- 
tion of semiconducting SWNTs during spin-coating 
(60) and reduction of sensitivity to adsorbates (6/). 

The International Technology Roadmap for 
Semiconductors suggests that CNTs could replace 
Cu in microelectronic interconnects, owing to their 
low scattering, high current-carrying capacity, and 
resistance to electromigration. For this, vias com- 
prising tightly packed (>10'? per cm?) metallic 
CNTs with low defect density and low contact 
resistance are needed. Recently, complementary 
metal oxide semiconductor (CMOS)-compatible 
150-nm-diameter interconnects (Fig. 3C) with a 
single CNT-contact hole resistance of 2.8 kohm 
were demonstrated on full 200-mm-diameter wa- 
fers (62). Also, as a replacement for solder bumps, 
CNTs can function both as electrical leads and 
heat dissipaters for use in high-power amplifiers 
(Fig. 3D). 
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Last, a concept for a nonvolatile memory based 
on individual CNT crossbar electromechanical 
switches (63) has been adapted for commer- 
cialization (Fig. 3B) by patterning tangled CNT 
thin films as the functional elements. This required 
development of ultrapure CNT suspensions that 
can be spin-coated and processed in industrial 
clean room environments and are therefore com- 
patible with CMOS processing standards. 


Energy Storage and Environment 

MWNTs are widely used in lithium ion batteries 
for notebook computers and mobile phones, mark- 
ing a major commercial success (64, 65). In these bat- 
teries, small amounts of MWNT powder are blended 
with active materials and a polymer binder, such 
as 1 wt % CNT loading in LiCoO, cathodes and 
graphite anodes. CNTs provide increased electrical 
connectivity and mechanical integrity, which en- 
hances rate capability and cycle life (64, 66, 67). 

Many publications report gravimetric energy 
storage and power densities for unpackaged bat- 
teries and supercapacitors, where normalization 
is with respect to the weight of active electrode 
materials. The frequent use of low areal densities 
for active materials makes it difficult to assess 
how such gravimetric performance metrics relate 
to those for packaged cells (68, 69), where high 
areal energy storage and power densities are needed 
for realizing high performance based on total cell 
weight or volume. In one of the few recent studies 
for packaged cells, remarkable performance has 
been obtained for supercapacitors deploying 
forest-grown SWNTs (62) that are binder and 
additive free; an energy density of 16 Whkg ! and 
a power density of 10 kW kg”! was obtained for a 
40-F supercapacitor with a maximum voltage of 
3.5 V. On the basis of accelerated tests at up to 
105°C, a 16-year lifetime was forecast. Despite these 
impressive metrics, the present cost of SWNTs 
is a major roadblock to commercialization. 

For fuel cells, the use of CNTs as a catalyst sup- 
port can potentially reduce Pt usage by 60% com- 
pared with carbon black (70), and doped CNTs may 
enable fuel cells that do not require Pt (19, 77). For 
organic solar cells, ongoing efforts are leveraging 
the properties of CNTs to reduce undesired carrier 
recombination and enhance resistance to photooxi- 
dation (20). In the long run, photovoltaic technol- 
ogies may incorporate CNT-Si heterojunctions and 
leverage efficient multiple-exciton generation at 
p-n junctions formed within individual CNTs (72). 
In the nearer term, commercial photovoltaics may 
incorporate transparent SWNT electrodes (Fig. 4C). 

An upcoming application domain of CNTs is 
water purification. Here, tangled CNT sheets can 
provide mechanically and electrochemically robust 
networks with controlled nanoscale porosity. These 
have been used to electrochemically oxidize organic 
contaminants (73), bacteria, and viruses (74). Porta- 
ble filters containing CNT meshes have been commer- 
cialized for purification of contaminated drinking 
water (Fig. 4D). Moreover, membranes using aligned 
encapsulated CNTs with open ends permit flow 
through the interior of the CNTs, enabling unprece- 


dented low flow resistance for both gases and liq- 
uids (75). This enhanced permeability may enable 
lower energy cost for water desalination by reverse 
osmosis in comparison to commercial polycar- 
bonate membranes. However, very-small-diameter 
SWNTs are needed to reject salt at seawater con- 
centrations (76). 


Biotechnology 


Ongoing interest in CNTs as components of bio- 
sensors and medical devices is motivated by the 
dimensional and chemical compatibility of CNTs 
with biomolecules, such as DNA and proteins. At 
the same time, CNTs enable fluorescent (77) and 
photoacoustic imaging (78), as well as localized 
heating using near-infrared radiation (79). 

SWNT biosensors can exhibit large changes 
in electrical impedance (80) and optical properties 
(8/) in response to the surrounding environment, 
which is typically modulated by adsorption of a 
target on the CNT surface. Low detection limits and 
high selectivity require engineering the CNT sur- 
face (e.g., functional groups and coatings) (80) and 
appropriate sensor design (e.g., field effects, capac- 
itance, Raman spectral shifts, and photoluminescence) 
(82, 83). Products under development include ink- 
jet-printed test strips for estrogen and progester- 
one detection, microarrays for DNA and protein 
detection, and sensors for NO, and cardiac troponin 
(84). Similar CNT sensors have been used for gas 
and toxin detection in the food industry, military, 
and environmental applications (82, 85). 


(A) Battery 


LiCoO3y 


For in vivo applications, CNTs can be inter- 
nalized by cells, first by binding of their tips to 
receptors on the cell membrane (86). This enables 
transfection of molecular cargo attached to the 
CNT walls or encapsulated inside the CNTs (87). 
For example, the cancer drug doxorubicin was 
loaded at up to 60 wt % on CNTs compared with 
8 to 10 wt % on liposomes (88). Cargo release can 
be triggered by using near-infrared radiation. How- 
ever, for use of free-floating CNTs it will be critical 
to control the retention of CNTs within the body 
and prevent undesirable accumulation, which may 
result from changing CNT surface chemistry (89). 

Potential CNT toxicity remains a concern, al- 
though it is emerging that CNT geometry and 
surface chemistry strongly influence biocompat- 
ibility, and therefore CNT biocompatibility may 
be engineerable (89). Early on, it was reported 
that injection of large quantities of MWNTs into 
the lungs of mice could cause asbestos-like path- 
ogenicity (90). However, a later study reported 
that lung inflammation caused by injection of 
well-dispersed SWNTs was insignificant both com- 
pared with asbestos and with particulate matter in 
air collected in Washington, DC (9/7). Future med- 
ical acceptance of CNTs requires deeper under- 
standing of immune response, along with definition 
of exposure standards for different use cases includ- 
ing inhalation, injection, ingestion, and skin contact. 
Toward use in implants, CNT forests immobi- 
lized in a polymer were studied by implantation 
into rats and did not show elevated inflammatory 
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Fig. 4. Energy-related applications of CNTs. (A) Mixture of MWNTs and active powder for battery electrode. 
[Images reprinted by permission from John Wiley and Sons (67)] (B) Concept for supercapacitors based on 
CNT forests. [Images courtesy of FastCap Systems Corporation] (C) Solar cell using a SWNT-based transparent 
conductor. [Images courtesy of Eikos Incorporated] (D) Prototype portable water filter using a functionalized 
tangled CNT mesh in the latest stage of development. [Images courtesy of Seldon Technologies] 
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response relative to controls (92). This is encour- 
aging for possible use of CNTs as low-impedance 
neural interface electrodes (93) and for coating of 
catheters to reduce thrombosis (94). 


Outlook 


Most products using CNTs today incorporate CNT 
powders dispersed in polymer matrices or deposited 
as thin films; for commercialization of these products, 
it was essential to integrate CNT processing with 
existing manufacturing methods. Organized CNT 
materials such as forests and yarns are beginning 
to bridge the gap between the nanoscale properties 
of CNTs and the length scales of bulk engineering 
materials. However, understanding is needed of 
why the properties of CNT yams and sheets, like 
thermal conductivity and mechanical strength, remain 
far lower than the properties of individual CNTs. At 
an opposite limit, placement of individual CNTs 
having desired structure with lithographic preci- 
sion over large substrates would be a breakthrough 
for electronic devices and scanning probe tips. 

According to press reports, many companies are 
investing in diverse applications of CNTs, such as 
transparent conductors, thermal interfaces, anti- 
ballistic vests, and wind turbine blades. However, 
often few technical details are released, and com- 
panies are likely to keep technical details hidden 
for a very long time after commercialization, which 
makes it challenging to predict market success. 
Hence, the increases in nanotube production capac- 
ity and sales are an especially important metric 
for emerging CNT applications (see Fig. 1). 

Further industrial development demands health 
and safety standards for CNT manufacturing and 
use, along with improved quantitative charac- 
terization methods that can be implemented in 
production processes. For example, the National 
Institute of Standards and Technology developed 
a SWNT reference material in 2011; IEEE is de- 
veloping standards for CNT processing in clean 
rooms; and in 2010 the Chinese government 
published standards for MWNT characterization 
and handling (/6). Proactively, Bayer established 
an occupational exposure limit of 0.05 mg m? 
for their CNTs (95). These efforts encourage con- 
tinued progress with caution, especially for CNT 
manufacturing operations that can potentially gen- 
erate airborne particulate matter. 

As larger quantities of CNT materials reach 
the consumer market, it will also be necessary to 
establish disposal and/or reuse procedures. CNTs 
may enter municipal waste streams, where, unless 
they are incinerated, cross-contamination during 
recycling is possible (65). Broader partnerships 
among industry, academia, and government are 
needed to investigate the environmental and so- 
cietal impact of CNTs throughout their life cycle. 

Lastly, continued CNT research and develop- 
ment will be complementary to the rise of graphene. 
Rapid innovations in graphene synthesis and 
characterization—such as CVD methods and Raman 
spectroscopy techniques—have leveraged findings 
from CNT research. Promising materials combin- 
ing carbon allotropes include 3D CNT-graphene 
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networks for thermal interfaces (96) and fatigue- 
resistant graphene-coated CNT aerogels (97). The 
science and applications of CNTs, ranging from 
surface chemistry to large-scale manufacturing, 
will contribute to the frontier of nanotechnology 
and related commercial products for many years 
to come. 
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Authigenic Carbonate and the History 
of the Global Carbon Cycle 


Daniel P. Schrag,?*t John. A. Higgins,?* Francis A. Macdonald,’ David T. Johnston? 


We present a framework for interpreting the carbon isotopic composition of sedimentary 

rocks, which in turn requires a fundamental reinterpretation of the carbon cycle and redox 
budgets over Earth’s history. We propose that authigenic carbonate, produced in sediment 

pore fluids during early diagenesis, has played a major role in the carbon cycle in the past. 
This sink constitutes a minor component of the carbon isotope mass balance under the modern, 
high levels of atmospheric oxygen but was much larger in times of low atmospheric O2 or 
widespread marine anoxia. Waxing and waning of a global authigenic carbonate sink helps to 
explain extreme carbon isotope variations in the Proterozoic, Paleozoic, and Triassic. 


tion of carbon during photosynthesis more 

than 60 years ago (J), the contrast in the 
isotopic composition of organic carbon and cal- 
cium carbonate has been used to reconstruct the 
history of the global carbon cycle and its con- 
nection to the oxidation state of the planet, includ- 
ing the rise of atmospheric oxygen (2). The input 
of carbon to Earth’s surface reservoirs (8'°C;,,.) (3) 
is balanced by the burial of carbon either as or- 
ganic carbon O''Cax), which is depleted in Be 
relative to dissolved inorganic carbon in seawater 
(DIC), or as calcium carbonate (8'?Ccarb)s which 
has a similar isotopic composition to DIC. Changes 
in the isotopic composition of marine carbonate 
in the geologic record have thus been interpreted 
as changes in the fractional burial of organic car- 
bon relative to carbonate carbon (fog), a8 described 
by the simple equation (4) 


S ince the observation of isotopic fractiona- 


8° Cn = 8” Confoig + 3)3 Coarb (1 — forg) (1) 


For much of Earth history, 3'3Ccap has fluctuated 
around a value of 0 per mil (%o), with 33 Corg and 
38°Cin values at roughly —25 and —5%o respec- 
tively, implying that 20% of total carbon burial 
has been as organic matter (5). 

The isotopic mass balance requires a funda- 
mental linkage between the carbon cycle and the 
oxidation state of Earth’s surface as manifest by 
the amount of oxygen in the atmosphere. An in- 
crease in 8'?Coart implies the burial of a higher 
fraction of organic carbon, or alternatively a de- 
crease in the oxidation of organic matter relative 
to the weathering of carbonate rocks. In either case, 
this would increase the amount of oxygen in the 
atmosphere unless other redox-sensitive elements 
such as sulfur or iron serve as alternative electron 
donors. 


Department of Earth and Planetary Sciences, Harvard Univer- 
sity, Cambridge, MA 02138, USA. Department of Geosciences, 
Princeton University, Princeton, NJ 08544, USA. 


*These authors contributed equally to this work. 
tTo whom correspondence should be addressed. E-mail: 
daniel_schrag@harvard.edu 


This basic framework has been used to inter- 
pret 5'3C.,,,, variations throughout Earth histo- 
ry. For example, observations of 53Cea above 
+5%o for more than 10 million years during the 
Neoproterozoic have been explained in terms of 
sustained periods of high fractional organic car- 
bon burial (5). Similarly, high 8'°C,,,, values in 
the late Paleozoic have been attributed to high 
organic carbon burial after the proliferation of land 
plants (2). These interpretations directly inform 
models of atmospheric oxygen levels over the 
Phanerozoic (6), leading to suggestions of pulses 
of oxygen production and consumption through- 
out the geologic record (7, 8). Thus, a correct read- 
ing of carbon isotope mass balance is critical to 
our understanding of the accumulation of oxidiz- 
ing capacity (atmospheric Oz and seawater sul- 
fate) at the Earth’s surface through geologic time. 

Certain aspects of the &'°C.4;, record are 
challenging to explain in the simple framework 
described above. First, sustained high 8'Coap 
values (>+5%o), such as what is observed through- 
out the Neoproterozoic (9, 70) and in the early 
Paleoproterozoic (7), imply very high rates of or- 
ganic burial and hence accumulation of atmo- 
spheric oxygen to levels tens to hundreds times 
that of the present (4, 7). This is inconsistent 
with geological evidence for lower oxygen levels 
during these times (//). Second, large negative 
isotopic excursions of —10 to —15%o in the Neo- 
proterozoic are very difficult to explain either by 
oxidation of large amounts of organic matter (7, 12) 
or methane (/3, /4) because both require a very 
large change in atmospheric oxygen as well as a 
very large increase in atmospheric carbon dioxide, 
neither of which is supported by independent geo- 
logical evidence. Surveying the 35°C car tecord in 
its entirety, one is forced to conclude that our basic 
framework is lacking some fundamental pro- 
cess and that it provides a misleading basis for 
understanding Earth history. We suggest that au- 
thigenic carbonate, produced in sediments during 
early diagenetic reactions primarily associated with 
sulfate and iron reduction, has played a major role 
in the carbon isotope mass balance over Earth 


history, although it represents a minor component 
of the modern isotope mass balance because of 
high levels of atmospheric oxygen in the modern 
world. If correct, this requires a reinterpretation of 
the 8'3C.a, record. 

Authigenic carbonate refers to any carbonate 
mineral precipitated inorganically in situ, wheth- 
er at the sediment-water interface or within sed- 
iment pore waters. In the modern ocean, most 
authigenic carbonate is formed in sediments when 
alkalinity is produced from diagenetic reactions— 
usually those that reduce sulfate or ferric iron— 
resulting in supersaturation of carbonate minerals, 
including calcite, dolomite, or siderite. Precipita- 
tion of pyrite can also be an important source of 
alkalinity that enhances the precipitation of au- 
thigenic carbonate phases. Because most reduc- 
tion of iron and sulfate occurs through oxidation of 
methane (anaerobic methane oxidation) or organic 
carbon, the DIC from which authigenic carbonate 
forms is generally depleted in '°C, although en- 
richment is possible if carbonate precipitation 
occurs deeper in the sediment column, where 
methanogenesis drives the §'°C of DIC to higher 
values. Authigenic carbonates composed of cal- 
cite, aragonite, and dolomite occur in continental 
margin sediments in North and South America 
and Eurasia; they are characterized by 53 Ccarb 
values ranging from —60 to +26%bo, with most val- 
ues <<0%o (5). Authigenic carbonates (33 Coa = 
—18 to —55%o) are found over the entire depth range 
of the Gulf of Mexico slope (/6); in Peru Margin 
sediments, the 81°C of dolomite varies between 
—36.1 and +11.5%o, although the majority of mea- 
surements lie between —9 and —12%bo (17). This 
carbonate sink is also common in sediments in 
anoxic basins and fjords (/8, 19), as well as del- 
taic environments. In the mobile mudbelts of the 
Amazon shelf, for example, authigenic carbonate 
forms primarily as siderite and mixed Ca-, Mg-, 
Fe-, and Mn-carbonates associated with iron re- 
duction and pyrite burial, rather than with sulfate 
reduction through anaerobic methane oxidation, 
with mass-weighted 5'°C,,,,, between —15 and 
—19%o (20). Approximately 30% of the total 
carbon burial in the Amazon fan occurs as au- 
thigenic carbonate (2/). This phenomenon is not 
limited to modern examples; similar a Oe val- 
ues have been observed in Cenozoic sediments 
from the Arctic Ocean and the Norwegian- 
Greenland Sea (22). 

Despite its widespread occurrence, authigenic 
carbonate does not appear to represent a substan- 
tial component (by mass) in the modern global 
carbon cycle. One reason is that the formation of 
authigenic carbonate is inhibited by the amount 
of O in seawater because both oxic respiration 
and oxidation of reduced compounds [such as 
Fe(II) and H,S] lowers the saturation of carbo- 
nate phases. A recent study explored a model for 
the global alkalinity and carbonate cycles, pro- 
posing that changes in organic carbon cycling, 
electron acceptor [Fe(III), SO,” , and 03] con- 
centrations, and the concentration of DIC would 
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lead to a greater importance of authigenic car- 
bonates in marine sediments during times of low 
Os, such as the Proterozoic or times of widespread 
anoxia in the Phanerozoic (23). More generally, 
environmental conditions that minimize aerobic 
respiration in the water column and in sediments 
(because this essentially acidifies the pore fluid) 
and maximize the production of alkalinity per unit 
of organic carbon respired will favor a large sink 
of carbon as authigenic carbonate (23). 

Is there evidence for high burial rates of iso- 
topically depleted authigenic carbonate in the ge- 
ologic past? A challenge is that 8° Ccarb records 
before the Jurassic are heavily biased toward 
shallow-water carbonate platforms because slope 
and deep-basin sections are typically consumed 
or highly deformed during subduction. One ex- 
pects authigenic carbonate to be dominant in slope 
settings with more anaerobic respiration, rather 
than in shallow water carbonate platforms with 
low organic burial and greater oxygen availabil- 
ity. In addition, many studies of 8° Crap have been 
motivated by stratigraphy by using the isotope 
variations to correlate across regions and even 
continents (/0); it is possible that sections with 
authigenic carbonate may have been excluded 
from records of 8'C.a) variations if they were 
considered artifacts of postdepositional processes 
(7). For stratigraphic studies, such exclusions may 
be appropriate because the 38°C of authigenic 
carbonate does not necessarily capture a global 
change in the 38°C of DIC. From the perspective 
of the global carbon cycle, however, such car- 
bonate deposition cannot be ignored because it 
may represent a substantial carbon sink. 

A series of studies of 8'Cca focused on 
global geochemical surveys rather than stratigra- 
phy provides some support for the widespread 
occurrence of authigenic carbonates in the past 


(24). Bulk carbonates from Proterozoic and 
Early Paleozoic continental margins from around 
the world record 8'Ccap values that range 
from +18 to —20%o (Fig. 1) (24). The lowest val- 
ues (<—5%o)—and perhaps some of the highest 
values—are most easily explained with an au- 
thigenic component, formed during early diagen- 
esis rather than in the water column. Additional 
support comes from more detailed studies of 
Ediacaran (late Neoproterozoic) stratigraphy in 
China, where deeper water sections have 8 Ces 
values as low as —16%o, compared with —2%bo for 
the shallowest onshore sections (25, 26). These 
data were originally interpreted as representing a 
very large 6'°C gradient in DIC over hundreds 
of meters in the water column, which is difficult 
to reconcile with rates of ocean mixing; we suggest 
instead that these micritic carbonates in slope set- 
tings with low &'3C.a,5 values are largely com- 
posed of authigenic carbonate, formed in a similar 
fashion to imperfect modern analogs in the Amazon 
Fan, the Santa Barbara basin, or the Peru margin 
(17, 18, 21). Overall, observations of authigenic 
carbon in modern and ancient settings, as well as 
theoretical arguments (27), suggest a major role 
for authigenic carbonate in the global carbon cy- 
cle, particularly at times of lower atmospheric Op. 

If authigenic carbonate is a substantial sink 
for carbon burial at times in the geologic past, the 
isotopic mass balance described in Eq. 1 must be 
broadened to make explicit the fraction of car- 
bonate burial that is authigenic (/,-), as well as the 
different isotopic fractionation factors for organ- 
ic carbon, authigenic carbonate, and normal ma- 
rine carbonate (€,, €ac, aNd Em, respectively). We 
choose to write the isotopic fractionation between 
seawater and authigenic carbonate in the same 
manner used for the fractionation associated with 
photosynthesis (¢,); like the photosynthetic frac- 


Age (Ma) 


1000 


1500 


313C (%> VPDB) 


> PP 
> 


& 
ome 5 
CD > Op PIPWRAREESS Ror 
rope 
ad 
‘sS 

eet 

— 


com 


Fig. 1. 7°C,. measurements on Early Paleozoic and Proterozoic calcites (open circles) and dolomites 
(triangles) from the compilation of Prokoph et al. (24). 
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tionation, it depends on the isotopic composition 

of a separate pool of water (pore fluid or intracel- 

lular fluid), which in turn depends on the relative 

rates of chemical reaction (oxidation or fixation of 

organic carbon) and chemical transport (diffusion 

in the pore fluid or across the cell membrane). 
Thus, 


8° Cin = (83Cpic ~ Ep Mforg + 


( — fore) [(8'? Cpic = Eac)fac + 
(8° Cpic —€me)(1 —fac)] (2) 


or simplifying and solving for 8'°Cpic (27) 


8° Cpic — 8 Cin t Jorg lEp Eme 
fac (Eac ~ Eme)] ar 
fac (Eac a" Eme) (3) 


Unfortunately, there is no easy way to empirically 
reconstruct f,. through geologic time because the 
authigenic component may be broadly distributed 
across large volumes of sediment with relatively 
low carbonate content. For example, an authigen- 
ic carbonate sink of 2.5 x 10'* g/year—roughly 
one third of the modern sink related to silicate 
weathering—would require the addition of less 
than 2 weight percent carbonate to the annual 
flux of terrigenous sediment of 1.7 x 10!° g/year. 
Moreover, it is difficult to estimate even total 
carbonate accumulation through Earth’s history 
given the incompleteness of the geologic record. 
However, there is an expectation that f,, will be 
higher when there is less oxygen in bottom waters 
along the shelf and slope environments and when 
alternative electron acceptors, particularly iron, are 
more abundant or are more focused in the same 
locations where organic carbon is buried (23). 
The average isotopic offset between authi- 
genic carbonate and DIC (€,.) is determined by 
the balance between diffusive transport of DIC 
through pore fluids in the sediment column and 
the anaerobic oxidation of methane or organic 
matter, which leads simultaneously to the creation 
of alkalinity. Higher values of €,, are expected 
when the reductant is CH, (8'3C =—50 to —90%o) 
as compared with organic carbon (8'°C =—22 to 
—26%o). In modern sediments in which anaerobic 
methane oxidation is dominant, the maximum 
alkalinity occurs at the same depth as the de- 
pletion of sulfate and a minimum in the 8'°C of 
DIC (28). In the geologic past, €,, would also be 
affected by changes in the amount of DIC in 
seawater, in addition to the rate of anaerobic res- 
piration in the sediment column. If DIC were 
substantially higher because of elevated atmo- 
spheric partial pressure of CO (Pco2), a lower 
seawater Ca** concentration relative to alkalinity, 
or some combination of the two, then the 8°C 
of DIC in pore fluids would be less affected by 
oxidation of reduced carbon, resulting in a smaller 
value for €,,. In contrast, increasing oxidant avail- 
ability [such as SO, or Fe(III] would be expected 
to increase both €,¢ and fic. It is also possible to 
form authigenic carbonate much later in the burial 
history when the porosity and permeability of the 
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sediments are lower and the distance from the 
sediment-water interface is large; in this case, dif- 
fusive exchange with seawater is less important in 
determining €,,. 

The inclusion of authigenic carbonate in the 
global carbon isotope mass balance adds an ad- 
ditional degree of freedom in explaining 5'°C 
variations in the geologic record and complicates 
the connection between carbon isotopes and the 
redox budget of the Earth’s surface. In Fig. 2, the 
8'°C of DIC is shown as a function of forg and 
fac for global average values of €,. of 15 and 
20%bo, assuming that the carbon cycle is in steady 
state and neglecting imbalances in other inputs 
(such as weathering of organic carbon and car- 
bonate). Prolonged periods of high 8'°C.,5 in the 
Neoproterozoic can now be explained without in- 
voking sustained high organic carbon burial or 
low organic carbon weathering fluxes (which im- 
plies the accumulation of massive amounts of at- 
mospheric oxygen), but simply from the persistent 
burial of larger amounts of isotopically depleted 
authigenic carbonate. As an end member exam- 
ple, to maintain 83Ccarp at +5%o without a shift 
from modern for. values (forg = 0.2) requires that 
authigenic carbonate make up 29 to 37% of the 
global carbonate sink for global average €,, val- 
ues of 20 and 15%, respectively (Fig. 2). €a¢ 1s not 
entirely independent of ¢, because the average 
photosynthetic fractionation is ultimately the rea- 
son for a fractionation between authigenic car- 
bonate formed in sediments and DIC. 

Applying this new framework to large, neg- 
ative isotopic excursions, such as those observed 
in the Neoproterozoic, is more complicated be- 
cause the carbon cycle during such events need 
not be at steady state, especially when the ex- 
cursion lasts less than a few hundred thousand 
years. We describe two major categories of neg- 
ative isotopic excursions that have fundamentally 
different explanations. First, some excursions can 
be explained through a decline in the global flux 
of authigenic carbonate that is due to a variety of 
possible factors, including the location or focus- 
ing of organic carbon burial, the carbonate sat- 
uration state of seawater, or an increase in the 
oxygen content of the ocean (and atmosphere). A 
rapid decline in authigenic carbonate deposition 
would drop the steady-state §'°C value of DIC 
and could be amplified by additional carbon feed- 
backs, including oxidative weathering of organic 
carbon. Although we expect some modest connec- 
tion between 5'3C..,, variations and the oxidation 
state of the Earth surface (through iron reduction, 
pyrite burial, or intermediate water oxygen con- 
tent), 8'*Cza excursions created in this way need 
not be accompanied by a large rise in Pco2 nor a 
large drop in Po. Because such excursions result 
from changes in the 8'°C of DIC, one would ex- 
pect to see the excursion in marine organic matter 
as well as in marine carbonate. Moreover, one 
would not expect to see the 8'°C values drop be- 
low the global average 5'°C of the inputs (—5%o) 
unless there is additional carbon added from oxi- 
dation of organic carbon or methane. 


1 FEBRUARY 2013 


A second category of negative isotope excur- 
sions results from the addition of authigenic car- 
bonate into primary marine carbonate in slope or 
shelf sediments. In this case, the change in 8'°C.at 
does not represent a change in seawater DIC but 
rather is a local feature—although it may have a 
regional or global extent if it is driven, for exam- 
ple, by a marine transgression or changes to global 
redox budgets (02, SOx, or Fe); thus, the OC 
would not track the bulk rock 5'Ccar through 
the excursion. One might expect the magnitude 
of the apparent excursion to vary across sedimen- 
tary environments, such as from shelf to slope 
[as is present in Ediacaran successions in China 
(25, 26)] or even laterally across a sedimentary 
basin, depending on the distribution of authigenic 
carbonate production and the degree of depletion 
of 5'°C in the pore fluid. The extent of the iso- 
topic excursion could theoretically extend far be- 
low the 8'°C of carbon inputs, limited only by the 
isotopic composition and mass contribution of 
local authigenic carbonate. This mechanism pro- 
vides an explanation for large negative-isotope 
excursions in the carbonate record that are not 
observed in 8'3C of organic carbon, which is a 
scenario that has invoked much attention and 
speculation (29). This scenario does not require 
large changes in atmospheric Oz and COs. 

An example of the first type of excursion is 
possibly captured by the Tayshir anomaly from 
Neoproterozoic sections in Mongolia (30), which 
documents a covariation between the &°C of 
organic carbon and carbonate carbon through 
an isotopic anomaly of ~15%o. With minimum 
53 Cca values during the excursion between —5 
and —7%o, one can explain this excursion with 
nearly a complete shut-off of authigenic carbonate 
production (f,, — 0), perhaps with some addi- 
tional contribution from net oxidation of reduced 
carbon. The shutdown of authigenesis could be 
driven by a small change in the oxidation state of 
intermediate waters on the continental slope, per- 
haps related to higher atmospheric Po3, establish- 
ing a stronger lysocline and a carbonate saturation 
gradient in the sediment column. 


Fig. 2. Contours of 1°C of DIC as a func- 
tion of fo., and f,. for global average values 
of €a- of 15 and 20%, assuming that the 
carbon cycle is in steady state, and neglect- 
ing imbalances in other inputs, based on 
Eq. 2. 


ac 


The Ediacaran Shuram anomaly is a possible 
example of the second category of isotope ex- 
cursion. The Shuram anomaly occurs in Ediacaran 
sections around the world, including Namibia, 
China, and Oman (29). The magnitude of the iso- 
topic excursion is variable across different loca- 
tions and even within a single basin (25, 26). 
Important features include 5° Ccarb Values as low 
as —12%o during the peak of the excursion and no 
parallel variations in a Ce across the excursion 
(31). We suggest the isotopic anomaly in this 
case could be explained in part by the expansion 
of the zone of authigenesis onto carbonate plat- 
forms during a marine transgression, effectively 
adding authigenic carbonate to marine carbonate 
precipitated from the water column. 

Previous studies have attributed the large neg- 
ative excursions in the Neoproterozoic—and the 
Shuram anomaly, in particular—to diagenetic 
processes (32, 33), specifically basin-scale alter- 
ation of carbonate rocks with fluids with low 
8'°C from oxidation of hydrocarbons, or from 
meteoric alteration (33). On the other hand, it has 
been argued that the low 53Ccarp Values through 
the Shuram anomaly cannot be explained by 
diagenesis because they are expressed in oolitic 
and stromatolitic facies without evidence for sec- 
ondary cements (29). Moreover, such a diagenet- 
ic explanation is difficult to reconcile with the 
observation of these negative excursions at pre- 
cise stratigraphic intervals in geologic sections 
across multiple continents (/0, 29). Our explana- 
tion may reconcile these views because one would 
expect isotopic excursions produced by mixing of 
marine carbonate with a depleted authigenic com- 
ponent to occur at broadly the same stratigraphic 
interval if they were produced by migration of the 
zone of authigenesis because of a marine trans- 
gression or drop in near-surface O, concentration. 
Textures such as ooids could be preserved if au- 
thigenesis occurs on both microscales, consuming 
organic matter along individual laminations (34), 
and on mesoscales filling pore spaces with micrite 
on 10-m scales in mixed-carbonate siliciclastic 
sequences. 
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A prominent but transient authigenic carbonate 
sink may also help explain carbon isotope varia- 
tions in the Paleozoic (8, 35) and Early Triassic 
(36). In the Triassic, for example, there is evidence 
for widespread anoxia in intermediate waters (37), 
fluctuating 8° Ccarb Values (2 to +8%o), and gra- 
dients in the 85°C... values with depth, often with 
38°C values on the slope 2 to 3%o lighter than 
those on the shelf (38). We view the Early Triassic 
as a candidate for a period of sustained, high au- 
thigenic carbonate formation, like much of the 
Neoproterozoic (23). The fluctuations could be 
produced either from a change in the global 
amount of authigenic carbonate (category 1) or 
by migration in the zone of authigenic carbon- 
ate (category 2). In the Early Cambrian, similar 
fluctuations in the authigenic carbonate sink might 
have resulted from more modest variations in sur- 
face redox or evolutionary leaps such as the bio- 
logical irrigation of sediments. 

The recognition of authigenic carbonate in the 
sedimentary record presents a challenge for car- 
bon isotope stratigraphy because it allows for 
local variations in 8'°C.,,, produced by the ad- 
dition of a substantial authigenic component after 
burial. Until there is a clear way to quantify the 
amount of marine carbonate precipitated in the 
water column relative to authigenic carbonate pre- 
cipitated in sediments, questions about the fidelity 
of chronostratigraphic correlations will remain. 
Authigenic events are likely to be broadly cor- 
relative owing to global changes in surface redox 
conditions, surface saturation state, and/or eustatic 
sea level, all of which might drive a migration of 
the zone of authigenesis or a change in the amount 
of authigenic precipitation, but detailed correla- 
tions at finer scales may prove less reliable. 

Including a third major sink for carbon in sed- 
imentary reservoirs does not sever the connection 
between 8°C.at and the redox evolution of the 
Earth surface, but it does imply a more complex 
relationship. Rather than massive changes in at- 
mospheric Oz and COs, our framework explains 
the large variations in §'°C.,,, in terms of changes 
in the amount of authigenic carbonate driven per- 
haps by small changes in atmospheric O but po- 
tentially also by changes in the other redox budgets 
(SO, and Fe), in the strength or even existence of 
a lysocline, or in the focusing of organic carbon 
burial in different sedimentary environments. With 
this new framework, the challenge remains to use 
the geologic record to understand the driving forces 
and events that have shaped Earth’s surface. 
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A prominent but transient authigenic carbonate 
sink may also help explain carbon isotope varia- 
tions in the Paleozoic (8, 35) and Early Triassic 
(36). In the Triassic, for example, there is evidence 
for widespread anoxia in intermediate waters (37), 
fluctuating 8° Ccarb Values (2 to +8%o), and gra- 
dients in the 85°C... values with depth, often with 
38°C values on the slope 2 to 3%o lighter than 
those on the shelf (38). We view the Early Triassic 
as a candidate for a period of sustained, high au- 
thigenic carbonate formation, like much of the 
Neoproterozoic (23). The fluctuations could be 
produced either from a change in the global 
amount of authigenic carbonate (category 1) or 
by migration in the zone of authigenic carbon- 
ate (category 2). In the Early Cambrian, similar 
fluctuations in the authigenic carbonate sink might 
have resulted from more modest variations in sur- 
face redox or evolutionary leaps such as the bio- 
logical irrigation of sediments. 

The recognition of authigenic carbonate in the 
sedimentary record presents a challenge for car- 
bon isotope stratigraphy because it allows for 
local variations in 8'°C.,,, produced by the ad- 
dition of a substantial authigenic component after 
burial. Until there is a clear way to quantify the 
amount of marine carbonate precipitated in the 
water column relative to authigenic carbonate pre- 
cipitated in sediments, questions about the fidelity 
of chronostratigraphic correlations will remain. 
Authigenic events are likely to be broadly cor- 
relative owing to global changes in surface redox 
conditions, surface saturation state, and/or eustatic 
sea level, all of which might drive a migration of 
the zone of authigenesis or a change in the amount 
of authigenic precipitation, but detailed correla- 
tions at finer scales may prove less reliable. 

Including a third major sink for carbon in sed- 
imentary reservoirs does not sever the connection 
between 8°C.at and the redox evolution of the 
Earth surface, but it does imply a more complex 
relationship. Rather than massive changes in at- 
mospheric Oz and COs, our framework explains 
the large variations in §'°C.,,, in terms of changes 
in the amount of authigenic carbonate driven per- 
haps by small changes in atmospheric O but po- 
tentially also by changes in the other redox budgets 
(SO, and Fe), in the strength or even existence of 
a lysocline, or in the focusing of organic carbon 
burial in different sedimentary environments. With 
this new framework, the challenge remains to use 
the geologic record to understand the driving forces 
and events that have shaped Earth’s surface. 
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These and other studies substantiate the widely 
accepted view that tumors comprise genetically 
diverse subclones, some of which survive therapy 
and contribute to disease recurrence. 

In the absence of differences at the level of 
genetic mutation, heterogeneity within a population 
of tumor cells can still exist, but the mechanisms 
remain incompletely understood. For example, 
the bidirectional interaction between tumor cells 
and the microenvironment can influence tumor 
phenotype (/2). Other processes have also been 
proposed, including interconvertible activation 
of Rac and Rho guanosine triphosphatases (/3), 
metastable configurations of intracellular net- 
works (/4, /5), and altered epigenetic states (/6). 
These studies collectively indicate that in appar- 
ently homogeneous in vitro environments, cells 
of the same genotype can exist in different states 
that influence their behavior (/7). The detection 
of in vitro cellular diversity, which is not coupled 
to genetic diversity, underscores the need to inves- 
tigate the extent of intraclonal functional hetero- 
geneity in vivo and in primary human cancers. 

Arguably the most important function of any 
cancer clone is to maintain long-term tumor propa- 
gation. For many tumors, only a minority of cells 
are able to sustain tumor growth, although such 
cells can constitute the majority of tumor cells for 
some cancer types (/8, 79). Whether these cells are 
part of one genetic clone or are derived from dis- 
tinct genetic subclones remains to be determined. 
Moreover, whether tumor-propagating cells of a 
single genetic clone are all equivalent or whether 
there is functional variability among individual tu- 
mor cells is uncertain. Addressing these questions 
requires genetic analyses combined with functional 
assays that measure tumor propagation at the resolu- 
tion of individual clones derived from single cells. 

Clonal stability is maintained through serial 
tumor transplantation. To explore the relative 
contribution of genetic and nongenetic mecha- 
nisms to the functional heterogeneity of single 
human cancer cells that are capable of long-term 
clonal propagation, we used an in vivo xeno- 
transplantation assay. The fates of single cell— 
derived lineages were tracked from 10 primary 
human colorectal cancers (CRCs; table $1). To 
facilitate clonal tracking, we transduced patient- 
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derived CRC cells with a green fluorescent pro- 
tein (GFP)-expressing lentivirus and injected 
the cells into the renal capsule of immunode- 
ficient mice (supplementary text and tables S2 
and S3). Transduced cells efficiently generated 
xenografts, and GFP expression in the xeno- 
grafts remained stable over serial transplantation 
(figs. S1 and S2). The average time to palpable 
tumor formation (99 + 18 days) was stable over 
serial transplants (Fig. 1A), and xenografts main- 
tained patient tumor characteristics (figs. S3 
to S5). Genomic profiling of three patient tumors 
and corresponding xenografts using copy num- 
ber alteration (CNA) analysis (Fig. 1B, figs. S6 
and $7, and table S4) and targeted deep sequenc- 
ing of 660 mutational hotspots in 42 genes (Fig. 
1C and tables S5 to S7) established that xeno- 
grafts largely retained the genomic profile of the 
primary tumor sample. Several CNAs and single- 
nucleotide variants (SNVs) were enriched in pri- 
mary 1° xenografts from some samples, consistent 
with selection of a subclone from the patient tu- 
mor. Genomic analysis of subsequent xenograft 
transplants, encompassing 393 days (patient sam- 
ple CT38), 341 days (CTS4), and 261 days (CTS9) 
of total tumor growth, demonstrated that the ma- 
jority of genomic lesions detected in 1° xenografts 
were recapitulated upon serial passage (supple- 
mentary text). Exome sequencing of CT38 and 
its corresponding 1°, 2°, and 4° xenografts sup- 
ported these findings (supplementary text, figs. 
S8 and S9, and tables S8 to S11). Finally, anal- 
ysis of methylation pattern diversity of patient 
tumors and their corresponding xenografts indi- 
cated that population diversity was maintained 
over serial passage (supplementary text and fig. 
S10). Collectively, these data indicate that the CRC 
clones that are selected in the xenograft remain 
stable over sequential transplantation. 

Variation in clonal dynamics of CRC cells. To 
evaluate the repopulation kinetics of multiple single 
cell-derived clones within a primary human tu- 
mor, we used lentiviral marking to track the prog- 
eny of single CRC cells (henceforth termed “LV 
clones” to distinguish them from genetic clones) 
over serial xenografts. To facilitate qualitative and 
quantitative characterization, we developed a sys- 
tem for establishing clonal identity and then clas- 
sifying clonal behavior according to persistence, 
absence, or emergence across multiple recipients 
(see supplementary text). Rather than relying on 
the polymerase chain reaction, our detection strat- 
egy focused on the identification of LV clones 
that possessed robust clonal expansion capacity. 

We observed five distinct behaviors. LV clones 
that were present in all serial transplants were 
termed type I or persistent clones (Fig. 2A, purple 
arrowhead). LV clones that did not persist but 
exhausted before reaching the final passage had 
less potent tumor-propagating ability relative to 
type I clones; these were termed type II or short- 
term clones (Fig. 2A, blue arrowhead). Finally, we 
observed LV clones that lacked tumor-propagating 
ability because they were only detected in the 1° 
recipient and were not detected in 2° and subse- 


quent recipients (Fig. 2A, green arrowhead); these 
were termed type III or transient clones. In 10 
patient samples, out of a total of 150 marked clones, 
we tracked 34 type I, 33 type II, and 31 type III 
clones (Fig. 2B), which suggests that there is 
substantial functional diversity with respect to 
clonal longevity in successive tumor transplants. 

In addition to heterogeneity in longevity, we 
also observed dynamic behaviors in 34 of the 150 
marked clones. These LV clones were initially 
below detection limits (approximately 10* cells/ 
tumor) in the 1° recipients but could be identified 
at later transplants (Fig. 2A, red arrowhead). Be- 
cause the xenograft assay monitors the output of 
“active” CRC cells, these type IV or resting LV 
clones were likely produced by CRC cells that 
initially were dormant or slowly proliferated but 
became activated in later transplants, resulting in 
the generation of a measurable clone. Finally, LV 
clones whose progeny appeared early, then became 
undetectable in a subsequent transplant, only to 
reappear at a later time point (Fig. 2A, orange ar- 
rowhead) were termed type V or fluctuating clones. 
Such LV clones displayed extensive but intermit- 
tent proliferation distinct from the continuous 
rapid proliferation of type I clones; we observed 18 
examples of type V clones (Fig. 2B). Overall, these 
results show that not all CRC cells with the po- 
tential for tumor propagation actually function and 
contribute to tumor growth at any given time. Such 
cells can become activated at later time points. 

It is noteworthy that LV clones can remain 
undetected for 2 to 4 months while being diluted 
by a factor of >100 during consecutive trans- 
plants and then recur to dominate tumor growth 
(supplementary text and fig. S11). Whereas 
random growth dynamics would predict dilution 
of minor LV clones over multiple transplants, the 
frequent detection of type IV and V clones in- 
dicates that the behaviors we observe cannot be 
solely attributed to dilution over time or sto- 
chasticity in LV clonal behaviors. Further, math- 
ematical modeling also predicted that LV clonal 
emergence correlates with changes in tumor struc- 
ture and that newly appearing clones are function- 
ally distinct from active clones, although it did 
raise uncertainty as to whether types I, II, and III 
are distinct or whether stochastic processes related 
to the transplantation method may contribute to 
clonal loss (supplementary text and fig. S12). The 
distinct proliferative kinetics of the five LV clonal 
behaviors we observed underscore the functional 
variability of individual cells (Fig. 2C). Each LV 
clone type was identified in four or more patient 
samples (Fig. 2D and fig. S13), establishing that 
the varied clonal behaviors are reproducibly found 
in primary CRC from a spectrum of patients. 
Given the absence of accompanying changes in 
CNAs and SNVs with serial transplantation, our 
data provide evidence for functional heterogeneity 
between individual tumor-propagating cells that 
share a common genetic lineage. 

The genetic analysis across xenografts was 
carried out on bulk tumor cell populations, where 
clonal marking tracked the functional behavior 


1 FEBRUARY 2013 VOL 339 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on January 31, 2013 


of single cells. The experimental design of ge- 
nomically analyzing bulk tumor does not directly 
evaluate the genomic properties of each indi- 
vidual functionally distinct LV clone type that 
is present. To directly compare the genomes of 
distinct LV clone types from an individual tumor, 
we used a limiting dilution approach to isolate 
different LV clones and used deep sequencing of 
mutational hotspots to compare their mutational 
load. We compared the mutational hotspots be- 
tween tumors generated by a type I and type V 
clone from CT38 and a type I and type II clone 
from CT59. For CT38, a linear correlation be- 
tween the SNV frequencies of the type - and 
type V—derived tumors was seen (fig. S14A and 
table S12). Likewise, for CT59, type I- and type 


Iderived tumors also demonstrated similar SNV 
frequencies in all analyzed SNVs, including the 
nine somatically acquired SNVs (fig. S14B and 
table S13). Thus, for both CT38 and CTS59, the 
frequency of analyzed hotspot mutations was con- 
gruent between tumors generated by single LV 
clones, which were derived from distinct clone 
types (type I and V for CT38; type I and II for 
CT59). Analyzing tumors generated from single 
cells enabled us to determine that distinct clone types 
within a tumor sample share similar mutational 
patterns as assessed by targeted sequencing. These 
data, together with the CNA and targeted sequenc- 
ing analysis of the bulk tumor, provide further 
evidence for the existence of functionally dis- 
tinct LV clones within a genetic lineage in CRC. 
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Fig. 1. Xenograft characterization. (A) Diagnostic tumor samples were transduced with a lentiviral 
vector encoding GFP, and 5 x 10* to 2 x 10° viable cells were transplanted into immunodeficient 
mice. Once tumors formed (1°), an equal number of cells was transplanted into the next passage. 
Time to tumor formation from previous injection for each transplant is shown. Each point is the 
mean of all recipients at the indicated passage. (B) DNA from diagnostic and matching 1°, 2°, 4°, 
and 5° tumor transplants was profiled using Affymetrix SNP 6.0 arrays. Raw log, ratios are shown 
(median smoothing format; blue, deletion; white, normal; red, gain). (C) DNA from diagnostic and 
xenograft derived tumors was sequenced using the RainDance platform. Frequency of both germ- 
line (gray circles) and somatic variants (colored circles) is shown. Each circle represents data of one 
xenograft-derived tumor as compared to the patient tumor sample; there are three or four xeno- 
grafts per passage. Data are not normalized for copy number changes and tumor cellularity, although 
generally >80% of cells are estimated to be tumor cells. 
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Variable response of LV clones to oxaliplatin. 
The existence of functionally heterogeneous CRC 
cells prompted us to investigate whether these 
cells might also intrinsically differ in response to 
therapy. We examined the effect of a commonly 
used chemotherapy drug, oxaliplatin, on the dy- 
namics of LV clones. We used established xeno- 
grafts of five patient samples for which the LV 
clone types had already been curated. In parallel 
with the serial transplantation of untreated recip- 
ient mice described above, three to five addi- 
tional mice were transplanted with tumor cells 
and systemically treated with oxaliplatin once tu- 
mors were established, allowing assessment of 
the effects of drug treatment on steady-state clo- 
nal distribution (fig. SISA). Although oxaliplatin 
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treatment reduced tumor burden (figs. S15B and 
S16A), there was no apparent change in the ab- 
solute number of marked clones (fig. S15C), nor 
were the proportions of clone types significantly 
altered (figs. SI1SD and S17). 

To determine whether treatment with oxali- 
platin affected CRC cells with tumor propagation 
capability, we serially transplanted equal num- 
bers of viable cells from both the control and 
treatment groups into secondary mice that were 
left untreated. Across five patient samples, a total 
of 60 secondary recipients were transplanted with 
tumor cells from oxaliplatin-treated xenografts 
(31 control and 29 oxaliplatin-treated). We ob- 
served a reduction in tumor weight (Fig. 3A and 
fig. S16B), as well as a trend toward a decrease in 
the absolute number of clones (Fig. 3B), in un- 
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treated secondary recipients transplanted with cells 
from oxaliplatin-treated xenografts versus sham- 
treated control cells; these results suggested that 
drug treatment altered the growth properties of the 
regrown tumor. For two samples (CT33 and CT57), 
GFP-expressing tumor tissue was not detected in 
the secondary recipients that were transplanted 
with oxaliplatin-treated cells, which precluded 
lentiviral insertion site analysis. For the remain- 
ing three patient samples (CT17, CT38, and CT54), 
major changes in the proportion of LV clone types 
occurred in xenografts derived from the oxaliplatin- 
treated group relative to control xenografts (Fig. 
3C). The proportion of type I persistent clones was 
reduced, whereas LV clones that were below the 
detection limit in primary recipients appeared in 
secondary recipients transplanted with oxaliplatin- 
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treated tumors (Fig. 3D; Fig. 3E, arrowheads to 
the right). These new LV clones were classified as 
type IV because they were not consistently de- 
tected in control or oxaliplatin-treated tumors in 
preceding mice. When considering the absolute 
numbers of different LV clone types over the 
complete set of secondary mice, 84 type I clones 
were observed in mice transplanted with untreated 
control cells and 27 type I clones in mice trans- 
planted with oxaliplatin-treated cells (Fig. 3D). 
By contrast, 12 type IV clones were detected in 
the control group versus 40 type IV clones in the 
oxaliplatin-treated group. These data indicate 
that the response of individual CRC cells to stan- 
dard chemotherapy is markedly variable. Despite 
eradication of some persistent LV clones, rest- 
ing or slowly proliferating CRC cells can endure 
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Fig. 2. Variation in repopulation potential of individual lentivirally-marked 
CRC cells. (A) DNA from xenografts (one tumor per lane) of various transplants 
(denoted by 1°, 2°, ..., 5°) was analyzed using Southern blotting with a GFP 
probe. Arrows above certain lanes indicate the tumor that was retransplanted 
into the next set of mice. Colored arrowheads indicate representative exam- 
ples of different lentivirally marked (LV) clone types. (B) Pie chart showing the 
sum of each of the five LV clone types observed over all experiments. (C) 
Schematic illustrating the different types of LV clonal behaviors. LV clones 
were classified on the basis of detection in serial transplants; for example, a 
type IV clone would be below the detection limit initially and come up in later 
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transplants. (D) Charts showing the proportion of LV clone types for each 
patient sample, displayed as the averages of all mice per transplant. The 
proportion of each LV clone type was determined in every recipient mouse by 
dividing the number of times a particular LV clone type was observed by the 
total number of LV clones detected in that mouse, thereby normalizing for 
differential marking of samples. Next, the proportion of each LV clone type for 
all recipients per transplant was averaged, including recipients for which LV 
clones were not detected. Each bar is representative of the averaged data at a 
transplant, and error bars indicate SEM between the tumors; n denotes the 
number of tumors or recipients analyzed. 
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Fig. 3. Variable response of marked clones to oxaliplatin. Mice were either treated with phosphate- 
buffered saline (Ctrl) or oxaliplatin (OX) for 2 to 4 weeks and cells from these tumors were reinjected into 
mice, which did not receive further treatment. Once new tumors formed (about 100 days after 
reinjection), mice from both groups were killed and tumor weight was measured. (A) Previously OX- 
treated tumor weights were normalized to Ctrl tumor weights; data were pooled from five patient samples 
representing 31 Ctrl and 29 previously OX-treated samples. (B) Cumulative number of LV clones per 
mouse after transplantation of OX-treated tumors. (C) The proportion of LV clone types in tumors that 
were generated by reinjecting Ctrl and OX-treated tumors. LV clone types were assigned according to the 
behavior of individual clones across all transplants over the entire experiment. Data are means + SEM of 
pooled data from independent OX treatments using different patient samples; P values were calculated 
using two-tailed t test. (D) Pie chart showing the number of times the LV clone types were observed, 
represented as the sum of all experiments. (E) Southern blot showing the LV clonal makeup of tumors 
generated by reinjecting tumor cells from OX-treated recipients. Representative data from three patient 
samples are shown; solid arrowheads to the right of each experiment identify newly appearing LV clones 
in the previously OX-treated tumors. Each lane represents the DNA of one mouse. For comparative 
purposes, the Southern blot for CT38 Ctrl is the same as in Fig. 2A. (F and G) DNA from tumors that were 
generated by reinjecting Ctrl or OX-treated samples was analyzed using CNA arrays (F) or targeted deep 
sequencing (G). In (F), raw log, ratio copy number data are shown in median-smoothing format (blue, 
deletion; white, normal; red, gain). For comparative purposes, data for Ctrl in (F) and (G) are 
reproductions of 4° (CT38) and 5° (CT54) transplants from Fig. 1, B and C. 
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oxaliplatin treatment and reinitiate tumor growth, 
although such tumors are of smaller size. Inter- 
estingly, mathematical modeling predicted that 
the LV clonal landscape of post-treatment tumors 
was distinct from that of untreated samples (sup- 
plementary text and fig. $12). 

To determine whether the altered clonal pat- 
terns after oxaliplatin treatment were due to major 
changes in genetic clones, we profiled DNA from 
control and oxaliplatin-treated tumors by genome- 
wide CNA analysis (Fig. 3F), targeted deep se- 
quencing (Fig. 3G), and passenger methylation 
analysis (fig. S10). The results indicated that the 
CNAs, SNYs, and methylation pattern diversity of 
the oxaliplatin-treated group closely matched the 
control recipients (supplementary text). The ab- 
sence of a detectable bottleneck or selection for 
novel genetic clones after chemotherapy treatment 
indicates that therapeutic tolerance is not always 
linked to the acquisition of new driver mutations. 
Instead, variable tumor propagation behavior of 
individual cells can represent a nongenetic deter- 
minant of tumor growth after therapy. 

Discussion. Our findings establish that indi- 
vidual tumor cells within a uniform genetic lineage 
are functionally heterogeneous: They display ex- 
tensive variation in growth dynamics, persistence 
through serial transplantation, and response to 
therapy. Not all functionally important cells con- 
tribute continuously to tumor growth; some are 
held in reserve, while others are able to oscillate 
between periods of dormancy and activity. This 
distinct intraclonal behavior affected response to 
conventional chemotherapy; actively proliferating 
progeny were preferentially eliminated, whereas 
the relatively dormant CRC cells became domi- 
nant during tumor reinitiation after chemotherapy. 
The intraclonal diversity in single-cell functional 
behavior of primary human CRC cells in vivo has 
the net effect of contributing to tumor growth 
during both homeostasis and therapy response. 

Most tumors are expected to consist of genet- 
ically distinct subclones that contain different 
growth characteristics and will therefore read out 
differently in xenotransplantation assays (/). Sim- 
ilar to published work using CRC cells propagated 
in immunodeficient mice (20), we expanded and 
sequentially propagated CRC clones from differ- 
ent patient samples that remained stable upon se- 
rial transplantation, indicating that xenografting 
does not select for a significantly different tumor 
cell population between multiple recipients at each 
stage of serial transplant. Despite this stability, we 
observed reproducible differences in the functional 
fates of single marked CRC cells, indicating that 
in vivo dynamics of lentivirally tracked CRC 
clones are not driven by readily detectable ge- 
nomic changes. This conclusion is supported by 
the genetic concordance between functionally 
distinct LV clone types within a single tumor iso- 
lated by limiting dilution. Thus, in addition to the 
widely accepted mechanism of tumor heterogene- 
ity being driven by genetic diversity, other diversity- 
generating processes exist within a genetic clone. 
These processes endow cells with robust survival 
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potential, especially during stress. The contribu- 
tion of diversity-generating mechanisms such 
as epigenetic regulation, noise in gene expression, 
or variability in the microenvironment (2/, 22) 
may offer insight into CRC cell heterogeneity. 
There is growing evidence of evolutionary 
selection for diversity-generating mechanisms in 
other disciplines, such as ecology (23, 24) and 
microbiology (25-27). For example, genetically 
homogeneous pools of single-cell prokaryotes 
display heterogeneity, where a small portion of 
cells naturally display drug resistance that is 
not caused by genetic mutation or acquisition 
of plasmids encoding antibiotic resistance genes. 
Rather, this phenomenon is due to mechanisms 
that reduce cell proliferation and induce a dor- 
mant nondividing state (28). We consistently ob- 
served a relatively dormant cell population in 
CRC, which suggests that cancer cells may take 
advantage of this “ancient” mechanism and use 
dormancy as an adaptive strategy during times of 
stress. We provide evidence for a relatively dor- 
mant or slowly proliferating cell population in 
primary human CRC cells that still retains potent 
tumor propagation potential, thereby preferentially 
driving tumor growth after chemotherapy. These 
findings may provide a biological basis for re- 
current and metastatic disease following standard- 
of-care treatment (29). Our findings should focus 
efforts to uncover the molecular mechanisms driv- 
ing chemotherapeutic tolerance in CRC cells. 
The often unstated assumption in considering 
cellular response to stress is that cells react in a 
uniform manner to the inducing signal, because 
the classical techniques used bulk populations. 
However, averaging data across millions of cells 
has the effect of masking any heterogeneity that 
might exist at the single-cell level. Such con- 


ventions are changing as methodological advances 
(30) are fueling a surge of interest in the processes 
governing cell-to-cell variability (/4). By coupling 
genetic analysis to functional tumor growth as- 
says, we find that when cells are tracked at single- 
cell resolution while still being part of a population 
of cancer cells, variable cellular behaviors can be 
detected. These observations set a precedent for 
future studies examining the basis of intraclonal 
behavior of single cells, especially with respect to 
tumor propagation and other functional properties. 
In a broader sense, our findings reveal another layer 
of complexity, beyond genetic diversity, that drives 
the intratumoral heterogeneity of CRC. The pros- 
pect of understanding how genetic and non- 
genetic determinants interact to influence the 
functional diversity and therapy response for oth- 
er cancers should drive future cancer research. 
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Kwashiorkor, an enigmatic form of severe acute malnutrition, is the consequence of inadequate 
nutrient intake plus additional environmental insults. To investigate the role of the gut microbiome, 


we studied 317 Malawian twin pairs during the first 3 years of life. During this time, half of the twin pairs 
remained well nourished, whereas 43% became discordant, and 7% manifested concordance for acute 
malnutrition. Both children in twin pairs discordant for kwashiorkor were treated with a peanut-based, 
ready-to-use therapeutic food (RUTF). Time-series metagenomic studies revealed that RUTF produced a 
transient maturation of metabolic functions in kwashiorkor gut microbiomes that regressed when 
administration of RUTF was stopped. Previously frozen fecal communities from several discordant pairs 
were each transplanted into gnotobiotic mice. The combination of Malawian diet and kwashiorkor 
microbiome produced marked weight loss in recipient mice, accompanied by perturbations in amino acid, 
carbohydrate, and intermediary metabolism that were only transiently ameliorated with RUTF. These 
findings implicate the gut microbiome as a causal factor in kwashiorkor. 


mortality worldwide (/). Moderate acute — between two and three standard deviations below 


Mest: is the leading cause of child —_ wasting with a weight-for-height z (WHZ) score 
malnutrition (MAM) refers to simple the median defined by World Health Organiza- 


tion (WHO) Child Growth Standards (2, 3). Se- 
vere acute malnutrition (SAM) refers to either 
marasmus, which is extreme wasting with WHZ 
scores less than —3, or kwashiorkor, a virulent 
form of SAM characterized by generalized edema, 
hepatic steatosis, skin rashes and ulcerations, and 
anorexia (4, 5). The cause of kwashiorkor remains 
obscure. Speculation regarding its pathogenesis 
has focused on inadequate protein intake and/or 
excessive oxidative stress, but substantial evidence 
to refute these hypotheses has come from epi- 
demiologic surveys and clinical trials (6-9). Our 
comparative metagenomic study of the gut micro- 
biomes of 531 healthy infants, children, and adults 
living in the United States, Venezuela, and Malawi 
revealed a maturational program in which the 
proportional representation of genes encoding 
functions related to micro- and macronutrient bio- 
synthesis and metabolism changes during postnatal 
development (/0). Together, these observations 
give rise to the following testable hypotheses: (i) 
The gut microbiome provides essential functions 
needed for healthy postnatal growth and devel- 
opment; (ii) disturbances in microbiome assem- 
bly and function (for instance, those prompted by 
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enteropathogen infection) affect the risk for 
kwashiorkor, and (iii) in a self-reinforcing pathogenic 
cascade, malnutrition affects the gut microbiome 
functions involved in determining nutritional status, 
thus further worsening health status. To complicate 
matters, several gut microbiome configurations 
may be associated with kwashiorkor among 
different hosts and even within a given host over 
time. Moreover, microbiome configurations asso- 
ciated with kwashiorkor may be differentially af- 
fected by therapeutic food interventions, and features 
that are reconfigured during treatment may not 
persist after withdrawal of treatment. 

To address some of these hypotheses, we per- 
formed a longitudinal comparative study of the 
fecal microbiomes of monozygotic (MZ) and 
dizygotic (DZ) twin pairs born in Malawi who 
became discordant for kwashiorkor. Malawi has 
one of the highest infant mortality rates in the 
world (/, //). We reasoned that a healthy (well- 
nourished) co-twin in a discordant twin pair rep- 
resented a very desirable control, given his or her 
genetic relatedness to the affected co-twin and the 
twins’ similar exposures to diet and microbial re- 
servoirs in their shared early environment. Ready- 
to-use therapeutic food (RUTF) composed of 
peanut paste, sugar, vegetable oil, and milk for- 
tified with vitamins and minerals has become 
the international standard of treatment for SAM 
in community-based treatment programs (/2). In 
Malawi, the standard of care for twins discordant 
for kwashiorkor is to treat both co-twins with 
RUTF to limit food sharing; this practice allowed 
us to compare and contrast their microbiomes be- 
fore, during, and after treatment. Following each 
child in a twin pair prospectively permitted each 
individual to serve as his or her own control. More- 
over, if there are many different routes to disrupted 
microbiome structure and/or function, then each 
discordant twin pair could provide an illustration of 
underlying pathology. As an additional set of con- 
trols, we defined temporal variation of the fecal 


1Center for Genome Sciences and Systems Biology, Washington 
University in St. Louis, St. Louis, MO 63110, USA. *Department 
of Pediatrics, Washington University in St. Louis, St. Louis, MO 
63110, USA. *Department of Community Health and Depart- 
ment of Pediatrics and Child Health, University of Malawi 
College of Medicine, Blantyre, Malawi. “U.S. Department of Ag- 
riculture Children’s Nutrition Research Center, Baylor College of 
Medicine, Houston, TX 77030, USA. Department of Microbiol- 
ogy, College of Medicine, University of Malawi, P/B 360, Chichiri, 
Blantyre 3, Malawi. ®Center for Public Health Genomics, University 
of Virginia, Charlottesville, VA 22904, USA. 7Division of Infectious 
Diseases and International Health, University of Virginia, 
Charlottesville, VA 22908, USA. ®Biomolecular Medicine, De- 
partment of Surgery and Cancer, Faculty of Medicine, Imperial 
College London, London SW7 2AZ, UK. Department of Com- 
puter Science, University of Colorado, Boulder, CO 80309, USA. 
)Biofrontiers Institute, University of Colorado, Boulder, CO 
80309, USA. Department of Chemistry and Biochemistry, 
University of Colorado, Boulder, CO 80309, USA. Howard 
Hughes Medical Institute, University of Colorado, Boulder, CO 
80309, USA. 


*These authors contributed equally to this work. 

+Present address: Department of Computer Science and En- 
gineering and BioTechnology Institute, University of Minnesota, 
Saint Paul, MN 55108, USA. 

tTo whom correspondence should be addressed. E-mail: 
jgordon@wustl.edu 


www.sciencemag.org SCIENCE VOL 339 


microbiomes in twin pairs who remained well 
nourished, lived in the same geographic locations 
as discordant pairs, and never received RUTF. 

Regardless of their health status, a total of 317 
twin pairs younger than 3 years old, from five vill- 
ages in the southern region of Malawi, were en- 
rolled in our study. We followed these children 
until they reached 36 months of age. Zygosity test- 
ing (/3) revealed that 46 (15%) twin pairs were MZ. 
We used WHO criteria (3) to diagnose kwashiorkor 
based on the presence of bilateral pitting pedal 
edema, marasmus when a child had a WHZ score 
less than —3, and MAM when the WHZ score was 
between —2 and —3 and bilateral pitting pedal edema 
was absent (2, 3). We treated SAM with RUTF and 
MAM with a soy-peanut ready-to-use supplemen- 
tary food (/4). After diagnosis with SAM, we as- 
sessed anthropometry and collected a fecal sample 
every 2 weeks until the child recovered (defined as 
WHZ score greater than —2 and no edema). 

Fifty percent of twin pairs remained well nour- 
ished throughout the study, whereas 43% became 
discordant, and 7% manifested concordance for 
acute malnutrition. The prevalence of discor- 
dant compared with concordant phenotypes was 
significantly different (P < 10 '°, binomial and 
x’ tests). MAM was significantly more frequent 
than SAM, affecting 81 (60%) of the 135 dis- 
cordant twin pairs (P= 0.02, 7 test) (table S1A). 
Of the 634 children in the study, 7.4% developed 
kwashiorkor, 2.5% had marasmus, and 13.9% 
were diagnosed with MAM; 10.7% had multiple 
episodes of malnutrition, with the most frequent 
combination being marasmus and MAM (5.5% 
of the children) (table S1B). There was no sig- 
nificant relationship between concordance for 
acute malnutrition and zygosity, nor did we find 
significant differences in the number of MZ ver- 
sus DZ twin pairs affected with kwashiorkor, 
marasmus, or MAM in our cohort (’and Fisher’s 
exact tests). Taking all 135 discordant pairs into 
account, there was no statistically significant 
difference in the incidence of discordance for 
kwashiorkor, marasmus, or MAM in MZ versus 
DZ twin pairs (table S1A). In addition, we did not 
find any association between gender or geograph- 
ic location and the type or incidence of malnutri- 
tion or in the discordance rate for MAM or SAM 
among twin pairs (table S1, B and C). For the 
current study, we chose to focus on children with 
kwashiorkor because: (i) survival of both members 
of a twin pair with kwashiorkor was significantly 
higher than with marasmus; (ii) onset occurred at 
a later age, allowing us to better assess the state of 
functional development of the gut microbiome; 
(iii) the duration of RUTF treatment was more 
uniform than in cases of marasmus; and (iv) there 
was a lower incidence of relapse to SAM (see 
supplementary text for additional details). 

Microbiomes of healthy twins and pairs dis- 
cordant for kwashiorkor. We selected nine same- 
gender twin pairs who remained well nourished 
in our study cohort and 13 of 19 same-gender twin 
pairs who became discordant for kwashiorkor 
for metagenomic analyses of their microbiomes 
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{n = 5 MZ and 4 DZ healthy pairs and 7 MZ 
and 6 DZ pairs discordant for kwashiorkor; for 
12 of the 13 discordant pairs, there was a single 
episode of kwashiorkor during the study pe- 
riod] (see supplementary text for the criteria used 
for participant selection and table S2A for ad- 
ditional information about participants and their 
samples). DNA prepared from fecal samples was 
subjected to multiplex shotgun pyrosequenc- 
ing, and the resulting reads were annotated by 
comparison to the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) database and to a database 
of 462 sequenced human gut microbes (table S3). 
To visualize the variation in this data set, we 
used principal coordinates analysis of Hellinger 
distances computed from the KEGG enzyme 
commission number (EC) content of fecal micro- 
biomes (Fig. 1A and fig. $1). Principal coordinate 
1 (PC1), which explained the largest amount of 
variation, was strongly associated with age and 
family membership (Fig. 1A). Because age encom- 
passes a variety of metabolic and dietary changes, 
we used the positions of microbiomes along PC1 
to assess functional development of the micro- 
biomes of twin pairs who remained healthy and 
twin pairs who became discordant for kwashiorkor. 
When microbiomes from three consecutive time 
points from twins who remained healthy were 
plotted along PC1, there was a steady progression 
toward a configuration found in older children 
(Fig. 1B). We observed a similar result in healthy 
co-twins from discordant twin pairs. This was not 
the case for their siblings with kwashiorkor: Their 
fecal microbiomes, sampled at the time of diagno- 
sis, as well as during and following administration 
of RUTF, did not show significant differences in 
their positions in the ordination plot (Fig. 1C). We 
obtained the same results for KEGG orthology 
groups. We used Fisher’s exact test to compare the 
representation of KEGG ECs between a healthy 
and a malnourished co-twin within each family, and 
we identified ECs that were significantly different 
in as few as one and as many as six of the twin 
pairs (table S5). 

These associations between the configura- 
tions of gut microbial communities and health sta- 
tus do not establish whether the microbiome is a 
causal factor in the pathogenesis of kwashiorkor. 
We reasoned that transplanting previously frozen 
fecal microbial communities, obtained from dis- 
cordant twin pairs at the time one of the co-twins 
presented with kwashiorkor, into gnotobiotic mice 
would allow us to assess the degree to which do- 
nor phenotypes could be transmitted via their gut 
microbiomes and to identify features of micro- 
bial community structure, metabolism, and host- 
microbial cometabolism associated with donor 
health status and diet. In the absence of a distinct 
and consistent taxonomic signature of kwashiorkor 
(supplementary text), we selected pretreatment 
fecal samples from three discordant twins based 
on the following criteria: All twin pairs were of 
similar age, and neither co-twin in any pair had 
diarrhea or vomiting or was consuming antibiot- 
ics at the time that fecal samples were collected. 
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The twins selected included DZ pair 196 (aged 
16.5 months), DZ pair 56 (aged 18 months), and 
MZ twin pair 57 (aged 21 months) (see fig. S5 
and table S2A for clinical characteristics). 

Transplantation of fecal microbial com- 
munities into gnotobiotic mice. Fecal micro- 
biota samples from the six selected human donors 
were each transplanted, with a single oral gavage, 
into separate groups of adult 8-week-old male 
C57BL/6J germ-free mice. Beginning 1 week be- 
fore gavage, animals were freely fed a sterilized 
diet based on the staple foods consumed by in- 
dividuals living in rural southern Malawi (see 
table S6 for the composition of this low caloric 
density, nutrient-deficient diet and fig. S6 for ex- 
perimental design) (/0). In two of the three 
discordant twin pairs (families 196 and 57), trans- 
plantation of the kwashiorkor co-twin’s microbiota 
resulted in significantly greater weight loss in 
recipient mice over the ensuing 3 weeks than in 
those harboring the healthy sibling’s microbiota 
(Fig. 2A). This discordant weight loss phenotype 
was dependent on the combination of Malawian 
diet and kwashiorkor microbiota; when separate 
groups of animals were placed on a standard mouse 
chow, there were no significant differences between 
the weights of mice with kwashiorkor compared 
to healthy co-twin microbiota (93.6 + 4% versus 
93 + 11% of their starting weights after 21 days, 
respectively) or compared to mice with a healthy 
co-twin microbiota consuming a Malawian diet 
(102.4 + 11.1%). 

Three weeks after gavage, mice consuming 
the Malawian diet were switched to the RUTF 
given to children with SAM. At the time of the 
diet switch, all recipients of kwashiorkor micro- 
biota from families 196 and 57 had become 
severely anorectic. All mice in each treatment 
group rapidly gained weight while consuming 
RUTF. In the case of the most discordant set 
of recipients (from family 196), mice with the 
kwashiorkor co-twin’s microbiota did not ac- 
hieve the same body weight as recipients of the 
healthy sibling’s microbiota, but these mice did 
reach 96.8 + 2.8% of their pre-gavage weight. 
After 2 weeks on RUTF, all mice in all treat- 
ment groups were returned to the Malawian 
diet. Whereas all recipients of microbiota trans- 
plants lost weight, this re-exposure did not 
produce the profound weight loss that mice col- 
onized with the kwashiorkor microbiota had 
experienced during their first exposure (Fig. 
2A). These results indicate that the gut micro- 
biota from two of the three discordant pairs are 
able to transmit a discordant malnutrition pheno- 
type, manifested by weight loss, to recipient 
gnotobiotic mice. Given that the most discordant 
weight loss phenotype was produced by micro- 
biota from twin pair 196, we initiated a detailed 
time-series analyses of the organismal, gene, and 
metabolite content of the transplanted microbial 
communities as a function of co-twin donor and 
diet (fig. S6 and table $2, B and C). 

Transplantation was efficient: (i) 62 of 72 
species-level taxa present in the input community 


from the healthy co-twin and 58 of 67 species- 
level taxa from the kwashiorkor co-twin were 
detected in fecal microbiota collected from all 
transplant recipients across time points and diets 
(table S7); (ii) 90.6 and 89.6% of the 859 ECs 
detected in each of the healthy and kwashiorkor 
input communities were identified in the fecal 
microbiota of transplant recipients after 3 weeks 
on the Malawian diet; and (iii) the proportional 
representation of ECs in input versus output fecal 
communities was highly correlated (correlation 
coefficient R? = 0.893 to 0.936) (fig. S7, A and 
B). Polymerase chain reaction—Luminex assays 
(15-18) for 22 common bacterial, parasitic, and 
viral enteropathogens in the input human micro- 
biota, as well as in recipient mouse fecal samples, 
indicated that the markedly discordant weight loss 
phenotype in recipients of these microbiota was 
not due to transfer and/or subsistence of any of 
the surveyed pathogens (fig. S8, A and B, and 
supplementary text). 


Comparison of the two groups of gnotobiotic 
recipients while they consumed a Malawian diet 
showed significant differences in the proportional 
representation of 37 species-level taxa. Organisms 
with the most statistically significant differences, 
and whose relative proportions were higher in 
mice with the kwashiorkor microbiota, were (i) 
Bilophila wadsworthia, a hydrogen-consuming, 
sulfite-reducing organism that is related to mem- 
bers of Desulfovibrio (phylum Proteobacteria) 
and has been linked to inflammatory bowel dis- 
ease (IBD) in humans and induces a proinflam- 
matory T helper | response in a mouse model of 
IBD (19), and (ii) Clostridium innocuum, a gut 
symbiont that can function as an opportunist 
in immunocompromised hosts (table S8B) (20). 
B. wadsworthia and members of the order 
Clostridiales were also overrepresented in the fecal 
microbiota of the kwashiorkor co-twin from fam- 
ily 196 compared with his healthy co-twin at the 
time he presented with kwashiorkor (table S8B). 
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of intrapersonal variation in a co-twin was not smaller than the variation between co-twins (fig. $2). 
Similar to twins who remained healthy, the temporal variation within a co-twin member of a discordant 
twin pair was equal to the variation between co-twins, but still smaller compared with unrelated 
children (fig. $2). (B) Average + SEM (error bars) PC1 coordinate obtained from the data shown in (A) 
for microbiomes sampled at three consecutive time points from nine twin pairs who remained well 
nourished (healthy) during the study (participants surveyed between 3 weeks and 24.5 months of age). 
(C) Average + SEM (error bars) PC1 coordinate obtained from (A) for microbiomes sampled before, 
during, and after RUTF treatment from co-twins discordant for kwashiorkor. *P < 0.05, Friedman test 
with Dunn’s post-hoc test applied to data shown in (B) and (C). Similar results were obtained using other 
distance metrics [Bray Curtis, Euclidian, and Kulzyncki (fig. $3)]. (See also fig. $4, which shows how 
changes in the relative proportion of Actinobacteria parallel the patterns observed with the changes 
along PC1. Children with kwashiorkor manifested a statistically significant decrease in Actinobacteria 
with the introduction of RUTF, unlike their healthy co-twins). 
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Switching from a Malawian diet to RUTF 
produced a rapid change in configuration of the 
fecal microbiota that was most pronounced in 
recipients of the kwashiorkor co-twin’s com- 
munity (Fig. 2B and fig. S9, A and B). Thirty 
species-level taxa exhibited statistically signifi- 
cant changes in their representation in kwashior- 
kor microbiota transplant recipients (Fig. 2C and 
tables S7B and S8A), with prominent increases 
in Bifidobacteria (B. longum, B. bifidum, plus 
another unclassified taxon), two Lactobacilli 
[L. reuteri and L. gasseri, which can produce bac- 


Fig. 2. Transplantation of fecal microbiota from 
kwashiorkor and healthy co-twins from family 196 into 
gnotobiotic mice fed Malawian and RUTF diets. (A) 
Discordant weight loss in recipient mice (n = 10 mice 
per group, *P < 0.05, Student's ¢ test). Data points are 
colored by recipient group: blue, kwashiorkor co-twin 
fecal microbiota recipients; red, healthy co-twin fecal 
microbiota recipients. Error bars indicate SEM. (B) 
Average + SEM (error bars) PC1 coordinate obtained 
from the weighted UniFrac distances shown in fig. S9, 
A and B, for fecal microbiota sampled from mice over 
time. Same color key as in (A). (C) Heatmap of phy- 
lotypes assigned to species-level taxa whose repre- 
sentation in the fecal microbiota of gnotobiotic mice 
changed significantly (P < 0.05, Student's t test with 
Bonferroni correction) as a function of donor micro- 
biota and Malawian versus RUTF diets. Asterisks in- 
dicate taxa that changed significantly in both healthy 
and kwashiorkor microbiota transplant recipients. Spe- 
cies level taxa are colored by phylum: red, Firmicutes; 
blue, Actinobacteria; black, Bacteroidetes; and green, 
Proteobacteria. Switching from a Malawian diet to 
RUTF produces a rapid change in the configuration 
of the transplanted kwashiorkor microbiota. A bloom 
in Lactobacilli occurs early during treatment with 
RUTF but regresses by the end of this diet period 
and remains unchanged when animals are returned 
to the Malawian diet. Bifidobacterium spp. also 
bloom early during administration of RUTF. Unlike 
the Lactobacilli, the increase of Bifidobacterium is 
sustained into the early phases of M2, after which 
they diminish. Like the members of Bifidobacterium, 
R. torques increases its representation during RUTF 
and then rapidly diminishes when mice returned to 
a Malawian diet. The increase in F. prausnitzii is sus- 
tained into and through M2. The responses of the 
Bacteroidales were opposite to that of the other 
three groups: Bacteroidales decrease with the ad- 
ministration of RUTF and re-emerge with M2. The re- 
sponse of the Lactobacilli observed in the kwashiorkor 
transplant recipients is not seen in gnotobiotic mice 
containing the healthy co-twin’s microbiota. The 
pattern of change of the two Ruminococcus spp., 
B. uniformis, P. distasonis, B. longum, and an un- 
classified Bifidobacterium taxon is shared by both 
recipient groups (healthy and kwashiorkor), although 
the Bifidobacterium response is more diminutive 
in the healthy microbiota treatment group. Para- 
bacteroides merdae, an unclassified taxon from the 
genus Faecalibacterium, as well as a member of 
the Coriobacteriaceae, are specifically elevated in 
the healthy co-twin’s microbiota when mice switch 
to a RUTF diet. Of these, only P. merdae does not 


teriocins and stimulate the innate immune sys- 
tem to inhibit the growth and eliminate various 
enteropathogens (2/—23)], and two members of 
Ruminococcus [R. torques, a mucus degrader (24), 
and Faecalibacterium prausnitzii, a member of the 
order Clostridiales that exhibits anti-inflammatory 
activity in a mouse model of colitis and whose 
decreased representation is associated with in- 
creased risk of ileal Crohn’s disease (25)]. We 
observed statistically significant decreases in the 
representation of members of the Bacteroidales 
(B. uniformis, Parabacteroides distasonis, plus 
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an unclassified Parabacteroides taxon) (see Fig. 
2C and legend for time courses). Twenty-eight 
bacterial species-level taxa also exhibited signif- 
icant changes in their representation in gnotobiotic 
mice harboring the healthy co-twin’s microbiota in 
response to RUTF. The pattern of change of 13 
different taxa—including the two Ruminococcus 
spp., B. uniformis, P. distasonis, B. longum, and an 
unclassified Bifidobacterium taxon—was shared 
by both recipient groups (healthy and kwashi- 
orkor), although the Bifidobacterium response 
was less pronounced in the healthy microbiota 
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persist when animals are returned to the Malawian diet (also see tables S7A and S8A). 
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treatment group (Fig. 2C and tables S7A, S7B, 
and S8A). These changes were representative of 
those that occurred in the human donors; the 
change in Bifidobacterium was unique to the 
kwashiorkor co-twin (table S9). 

Metabolic profiles associated with kwashiorkor. 
Gas chromatography—mass spectrometry analy- 
ses of short-chain fatty acids and 69 other products 
of carbohydrate, amino acid, nucleotide, and 
lipid (fatty acid) metabolism in cecal and fecal 
samples collected during the different diet pe- 
riods (n = 4 to 5 mice per family-196 micro- 
biota donor) showed that levels of the majority 
of these metabolites increased when mice were 
switched to RUTF. In contrast, levels of several 
di- and monosaccharides (maltose, gentibiose, 
and tagatose) decreased (fig. S10). There were a 
number of significant differences between the 
two groups of mice while they were consuming 
the different diets (Fig. 3). Although switching 
to RUTF produced a significant increase in fecal 
levels of six essential amino acids (valine, leucine, 
isoleucine, methionine, phenylalanine, and threo- 
nine) and three nonessential amino acids (alanine, 
tyrosine, and serine) in both groups, the response 
was initially greater in the kwashiorkor group. 
Four weeks after returning to a Malawian diet, 
levels of six of these amino acids remained 
higher in the healthy microbiota recipient group 
than before consumption of RUTF, but in the 
kwashiorkor group, these values fell to pre- 
RUTF-treatment levels (fig. S11, A and B). We 
observed the same pattern of transient response 
with urea cycle intermediates in the kwashiorkor 
group (fig. S11C). RUTF-associated increases in 
levels of propionate, butyrate, lactate, and suc- 
cinate were generally greater in mice harboring 
the healthy co-twin’s microbiota (fig. S12A). Sim- 
ilarly, acetate levels were elevated early on during 
RUTF in the healthy but not the kwashiorkor 
microbiota (fig. S12A). Increases in these end 
products of fermentation were accompanied by 
reductions in the levels of a number of mono- 
and disaccharides (fig. S12B). The observed 
differences in metabolic profiles were not at- 
tributable to differences in microbial community 
biomass: There were no statistically significant 
differences in fecal DNA content between recip- 
ients of the healthy and kwashiorkor co-twin 
microbiota when assayed at the midpoint of 
RUTF treatment [986.5 + 108.3 (mean + SEM) 
versus 903.2 + 97.7 ng DNA/mg feces, respec- 
tively; P = 0.22, Student’s ¢ test] or 4 weeks 
after cessation of treatment (559.7 + 62.2 ver- 
sus 651.6 + 98.9 ng DNA/mg feces, respectively; 
P = 0.44). (For characterization of gnotobiotic 
recipients of family-57 transplants, including 
taxonomic and metabolic responses to the dif- 
ferent diets that they share with family-196 recip- 
ients, see supplementary text; fig. S7, C and D; 
and tables S7C, S7D, S8C, S8D, S9, and S10.) 

Microbial-host cometabolism as a function of 
donor microbiota and host diet. We used stan- 
dard 'H nuclear magnetic resonance (NMR) 
spectroscopy to generate urine metabolite pro- 


files (Table 1, fig. S15, and supplementary text) 
(26). A pronounced metabolic shift seen in re- 
sponse to RUTF was not sustained on reintro- 
duction of the Malawian diet; urinary metabolic 
profiles at the end of the second Malawian diet 
period (M2) resembled those from the first period 
(M1), with renewed differentiation between healthy 
and kwashiorkor microbiota transplant groups. 
The kwashiorkor microbiota—associated meta- 
bolic phenotype was not as distinctive in M2 as 
it was during M1. When we reanalyzed the data 
after excluding the RUTF samples, the metabolic 
differentiation was more apparent between the 
two Malawian dietary periods (fig. S15, A to C). 

Among the notable results, we found that 
levels of urinary taurine were affected by both 
donor microbiota and diet. Mice colonized with 
microbiota from a healthy donor excreted more 
taurine while consuming both the Malawian diet 
and RUTF compared with mice with a kwashi- 
orkor microbiota; in both recipient groups, urinary 
taurine levels were higher when mice consumed a 


RUTF, Day 10 
[RUTF.D10] 


Malawi Diet 2, Day 26 


Malawian diet (Table 1). B. wadsworthia grows 
well on bile acids and uses taurine from taurine- 
conjugated bile acids as a terminal electron 
acceptor, converting it to ammonia, acetate, and 
sulfide (27). In agreement with this property, fe- 
cal levels of B. wadsworthia showed an inverse 
relationship with urinary taurine levels. Levels 
were higher in the kwashiorkor group; even 
when the mice were consuming RUTF, recipi- 
ents of the kwashiorkor microbiota exhibited 
significantly lower urinary taurine levels and 
significantly higher fecal levels of B. wadswor- 
thia (Table 1 and table S8, A and B). In addition 
to urinary taurine levels, fecal methionine and 
cysteine concentrations were significantly lower 
in mice harboring kwashiorkor compared with 
those carrying healthy co-twin microbiota when 
consuming a Malawian diet (Fig. 3). Dietary me- 
thionine and cysteine meet most of the human 
body’s needs for sulfur; these amino acids are 
more abundant in animal and cereal proteins 
than in vegetable proteins. The Malawian diet is 
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Fig. 3. Metabolites with significant differences in their fecal levels in gnotobiotic mice colonized with 
microbiota from discordant twin pair 196 as a function of diet. Data are from fecal samples collected 
3 days before the end of (A) the first period of consumption of the Malawian diet (M1, day 16; abbreviated 
M1.D16), (B) RUTF treatment (RUTF.D10), and (C) the second period of Malawian diet consumption (M2. 
D26). Significant differences are defined as P < 0.05, according to Student's t test. Procrustes analysis of 
data obtained from the transplanted microbiota from discordant co-twins in family 196 (fig. S13) revealed 
a significant correlation between metabolic and taxonomical profiles on each diet with an overall 
goodness of fit (M? value) of 0.380 (P < 0.0001; 1000 Monte Carlo label permutations) for all diets and 


microbiota. 
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Table 1. Metabolite analysis of urine samples obtained from mice with transplanted healthy or kwashiorkor 
co-twin microbiota from family 196 at each diet phase. R°X represents the variation in 7H NMR spectral data 
explained by the O-PLS-DA model, where a value of 1 would indicate that 100% of the variation in the spectral 
data set is explained by the model. QY represents the predictive ability of the model and is calculated by 
leaving a percentage of the data out (15%) while calculating the ability of the model to discriminate between 
classes in any pairwise comparison (e.g., kwashiorkor versus healthy). Additionally, Q°Y indicates the level of 
robustness or significance of the metabolic differences between two classes. The numbers in each column are 
obtained from median fold normalized O-PLS-DA models and represent the correlation between the NMR data 
(relative concentration of urinary metabolite) and a given class (e.g., healthy versus kwashiorkor co-twin mi- 
crobiota or Malawi diet 1 versus RUTF diet). The greater the Q°Y or predictive value for the O-PLS-DA comparison 
of two classes, the stronger or more reliable the composite metabolic differences are between two classes (e.g., 
dietary periods). The closer to 1.0 the correlation value is for any given metabolite, the more weight that 
metabolite has in discriminating between those two classes. Metabolites are colored according to their over- 
representation in a treatment group. (A) Urinary metabolites with differences in their levels in mice transplanted 
with the healthy co-twin versus the kwashiorkor co-twin microbiota within a given diet. Color code: blue, higher 
in kwashiorkor co-twin microbiota recipients; red, higher in healthy co-twin microbiota recipients; white, no 
significant difference between kwashiorkor and healthy. (B) Urinary metabolites with differences in their repre- 
sentation of mice transplanted with healthy or kwashiorkor co-twin microbiota between diets. Color code: red, 
higher during the M1 diet phase relative to RUTF or relative to M2; orange, higher on RUTF relative to M1 or M2; 
blue, higher on M2 compared to RUTF or M1; white, no significant differences in the indicated diet comparison. 
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deficient in total protein and in animal protein. 
Studies have found a decrease of serum methio- 
nine levels and urinary sulfate excretion in patients 
with kwashiorkor (28—33). Moreover, cysteine or 
methionine deficiency in experimental animals 
can produce weight loss (correctable by sulfate 
supplementation) (34-36). Our findings suggest 
that the combination of a kwashiorkor microbiota 
and a Malawian diet may contribute to abnormal 
sulfur metabolism, thereby affecting the patho- 
genesis and manifestations of this form of SAM. 

For mice containing the healthy co-twin’s micro- 
biota, urinary excretion of tricarboxylic acid (TCA) 
cycle intermediates 2-oxoglutarate, citrate, succi- 
nate, and fumarate were closely coupled together. 
These mitochondrial metabolites typically follow 
similar reabsorption control mechanisms in the 
renal tubule that are closely linked to tubular pH. 
In mice containing kwashiorkor microbiota, uri- 
nary fumarate excretion was effectively decoupled 
from the other TCA intermediates (fig. S15, D to 
G). Differential excretion rates of TCA intermedi- 
ates can occur where there is selective enzymatic 
inhibition of the TCA cycle (37). The TCA cycle 
also appears to be disrupted in the kwashiorkor 
microbiota itself (threefold increase in cecal levels 
of succinate; P < 0.05, unpaired Student’s ¢ test), 
and an increased succinate-to-fumarate ratio (0.58 
versus 0.23, P < 0.05, unpaired Student’s ¢ test 
while on the Malawian diet) suggests inhibition 
of succinate dehydrogenase, the enzyme respon- 
sible for converting succinate to fumarate. Taken 
together, these observations suggest that the 
kwashiorkor microbiota examined in these gno- 
tobiotic mice may generate chemical products 
that result in a selective inhibition of one or more 
TCA cycle enzymes, making energy metabolism 
a bigger challenge for these children when they are 
exposed to a micro- and macronutrient-deficient, 
low-calorie diet. 

Prospectus. The discordance rate for kwa- 
shiorkor is high for both MZ and DZ twins in 
our study population. Our results illustrate the 
value of using twins discordant for nutritional 
phenotypes to characterize the interrelationship 
between the functional development of the gut 
microbiome in children and their nutritional sta- 
tus. Linking metagenomic analyses with dietary 
experiments in gnotobiotic mice that have received 
gut microbiota transplants from twins discordant 
for kwashiorkor allowed us to gain insights into 
pathogenesis by identifying transmissible features 
associated with healthy versus diseased donors. 
By replicating a human donor’s gut community 
in multiple recipient mice, we have been able to 
mimic a clinical intervention and identify com- 
munity characteristics, including differences in 
taxonomic composition and in taxonomic and 
metabolic responses to RUTF. The resulting data 
provide biomarkers of community metabolism 
and of microbial-host cometabolism that delin- 
eate and discriminate diet and microbiota effects, 
including biomarkers indicative of the more la- 
bile, short-lived nature of the responses of mi- 
crobiota from kwashiorkor donors to RUTF. The 
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interrelationships between diet, microbiota, and 
many facets of host physiology can be explored in 
detail in these “personalized” gnotobiotic mouse 
models. These models may be useful for devel- 
oping new and more effective approaches for 
treatment and/or prevention. In addition, studies 
of other forms of malnutrition that take an ap- 
proach analogous to that described here could 
also provide insights about the contribution of 
the gut microbiome to this global health problem. 
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A Clock Directly Linking Time 
to a Particle's Mass 


Shau-Yu Lan,” Pei-Chen Kuan,” Brian Estey," Damon English,” Justin M. Brown,” 


Michael A. Hohensee,* Holger Miiller2* 


Historically, time measurements have been based on oscillation frequencies in systems of particles, 
from the motion of celestial bodies to atomic transitions. Relativity and quantum mechanics show that 
even a single particle of mass m determines a Compton frequency «wp = mc’/h, where c is the speed of 
light and / is Planck's constant A divided by 27. A clock referenced to wp would enable high-precision 
mass measurements and a fundamental definition of the second. We demonstrate such a clock using 
an optical frequency comb to self-reference a Ramsey-Bordé atom interferometer and synchronize an 
oscillator at a subharmonic of wo, This directly demonstrates the connection between time and mass. 
It allows measurement of microscopic masses with 4 x 10°? accuracy in the proposed revision to 
SI units. Together with the Avogadro project, it yields calibrated kilograms. 


particle with mass-energy E = mc? is 
represented by a wave oscillating at the 
Compton frequency w = mc’/h in the 
particle’s rest frame, where c is the speed of light 


and f is Planck’s constant h divided by 2n (/). 
This is the basis of de Broglie’s theory of matter 
waves (2) and underpins modern quantum me- 
chanics and field theory: The time evolution of 


states is given by wave equations whose plane- 
wave solutions are proportional to 


e” = exp(-ip,x"/h) = exp(im@pt) ~— (1) 


where p,, = (-my, myv) and x" are the momen- 
tum and position four-vector, t = t/y is the proper 
time, y is the Lorentz factor, and v and ¢ are the 
laboratory-frame velocity and time. Much has 
been theorized about the physical reality of quan- 
tum states as “oscillators” (3—7), but surprisingly 
few experiments have been proposed to address 
this topic (8). Here, we directly address a conse- 
quence of Eq. | that has deep physical and per- 
haps even cosmological implications: Because 
the oscillations of a wave packet accumulate 
phase Wot just like a clock following the same 
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trajectory, it has been suggested that the passage 
of time is observable as soon as the universe 
contains massive particles (/). It ought to be pos- 
sible to build a Compton clock: a clock refer- 
enced to the mass of a single particle. 

Advances in timekeeping (9—/2) have fol- 
lowed the use of references with higher frequency, 
increased quality factor O, and lowered instability 
from systematic influences. The Compton fre- 
quency of a stable particle is high (@9/2n = 3 x 
10°° Hz for a cesium atom), has virtually infinite 
quality factor O = @)/T, where 1/T is the par- 
ticle’s 1/e lifetime, and is one of the most stable 
quantities in nature. In principle, a Compton- 
frequency clock could be built by annihilating 
a particle-antiparticle pair and counting the fre- 
quencies of the generated photons. However, 
this frequency is far beyond modern counting 
techniques; to access it, we require a method of 
dividing it into a technically accessible range. 

Here, we present a Compton clock by com- 
bining an atom interferometer with an optical 
frequency comb. In a Ramsey-Bordé atom inter- 
ferometer (Fig. 1) (7, 73), a quantum wave pack- 
et initially at rest interacts with a pulse of two 
counterpropagating laser beams having laboratory- 
frame frequencies of w, and wavenumbers of 
k., respectively. The wave packet absorbs n pho- 
tons from the first beam while being stimulated 
to emit n photons into the second beam, without 
modifying its internal state through multiphoton 
Bragg diffraction (/4, /5). By appropriate choice 
of the laser intensity and pulse duration, the pro- 
cess occurs with a probability of 50%, splitting 
the wave packet. While the first partial wave pack- 
et remains at rest, the second moves away with 
a laboratory-frame momentum p = nhi(k,. + k_). 
It is convenient to introduce a rapidity parameter 
p so that p = mcsinh(p) and the Lorentz factor y = 
[1 —v/c]'? = cosh(p). Energy-momentum con- 
servation (the Bragg condition) provides the relation 


+p? 
@. =e? 


(2) 

where @, = Wgsinh(p/2)/n. [In the nonrelativistic 
limit, op ~ (@. + w_)/2 = ke and w.. = wy (1 + nhk/ 
mc).] Interaction with four laser pulses (Fig. 1) 
brings the wave packets together for interference. 


Space 
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Fig. 1. Paths of the matter waves in a Ramsey- 
Bordé interferometer versus time; red arrows de- 
note laser beams. Additional paths that do not 
interfere are not shown. The diagram is drawn in a 
freely falling inertial frame, and does not show the 
free fall of the atoms. 
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The probability of detecting the particle at the 
outputs (Fig. 1) is given by cos*(A@/2), where Ap 
is the relative phase of the wave packets. In a 
relativistic, semiclassical treatment, Eq. | shows 
that the wave packets acquire a relative phase 
Of AP free = Molt’? — 1] = 2aoT(y_' = 1) (non- 
relativistically, A@ sree —4n°hkT/m) during their 
free evolution between the laser pulses (3), where 
1) are the proper times on paths 1 and 2. Their 
difference 1) — 1° is related to the laboratory- 
frame time by a factor y_' — 1, which is determined 
by the laser frequencies by Eq. 2 and can be used 
to divide the Compton frequency into a techni- 
cally accessible range. Synchronizing an oscillator 
to the divided Compton frequency is accom- 
plished as follows: In the experiment, this oscil- 
lator sets the frequency difference ®, = @+— @_ 
between the counterpropagating laser beams. 
Whenever the particle absorbs a photon, the phase 
of the photon is added to the wave packet’s phase 
and subtracted for stimulated emission. It can be 
shown (/6) that the sum A@jaser of these phases 
(eq. S2) cancels the free evolution phase AQ gee 
exactly if, and only if, w. satisfy Eq. 2, so that 


2 
2nwy, 


(3) 


On = 
Mo 


The phase cancellation A@ = A® taser + AP free = 9 
is verified by observing the interference fringes of 
the particle at the interferometer output and main- 
tained by feedback to the oscillator. 
Ramsey-Bordé interferometers are routinely 
used to measure /i/m (17), but such measurements 
of f/m are not themselves clocks because they 
are reliant upon an external frequency reference 
to measure ®,. We use an optical frequency comb 


¥ g 


Vvco Counter 


x12.165 


Network 


Feedback 


x2 x20 


Weyst O1 


REPORTS 


to set o, = N@,,, eliminating the laser frequency as 
a free parameter. Combined with Eq. 3, we obtain 


(4) 


Oo 


oa (2nN2) 


which is an exact result in this relativistic and 
semiclassical picture, showing that @,, is deter- 
mined solely by the Compton frequency. Correc- 
tions from nonclassical paths are negligible here. 
We are free to choose any value for m and N and 
lock the oscillator directly to the Compton fre- 
quency or a subharmonic without changing the 
underlying physics. For example, n = 2 and N= 
1/2 yields @p = @n = 20, and w. =a (1 + V2y. 
In practice, NV is chosen so that m, and @, are 
accessible to existing technologies. The experi- 
ment is a Compton clock by virtue of the fact that 
it self-references the laser frequency through the 
optical frequency comb, which ensures that the 
output frequency @, is fully determined by 
the Compton frequency and known ratios. It is 
independent of any external standards. The self- 
referenced atom interferometer serves as a clock- 
work that links the frequency of our master 
oscillator to the Compton frequency of the mat- 
ter wave packets. 

Our experiment uses cesium-133 atoms be- 
cause they are amenable to the techniques of 
atom optics and are electrically neutral, which 
reduces systematic effects. Because their inter- 
nal structure is not relevant to @,,, the atoms ap- 
proximate noninteracting point masses. Our atom 
interferometer has been described in detail else- 
where (/5). The clock’s operation is illustrated in 
Fig. 2. A voltage-controlled 10-MHz crystal oscilla- 
tor Ol [FTS 1050A (Symmetricom, Beverly, MA)] 
with frequency Werys¢t is the master oscillator for all 


Nec ------<- 


Fig. 2. Schematic. Oscillator 01 is the frequency reference for all signal generators and the optical 
frequency comb. The laser used to address the atom interferometer is phase-locked to the comb. Shown 
in the diagram is the freely falling atomic trajectories versus time for the simultaneous conjugate 
interferometers (the lower of which being shown in Fig. 1) used to cancel the gravity-induced phase. 
The phase measurement from the atom interferometer provides an error signal to 01 in order to close 


the feedback loop. 
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frequency sources, pulse generators, and lasers in- 
volved in the experiment. The frequency comb sta- 
bilizes the laser frequency to N.Meryst; Where N, = 
35,173,594.165 (16). A direct digital synthesizer 
(DDS) generates @/2 = Npps®eryst at ~82 kHz, 
and acousto-optical modulators (AOMs) gener- 
ate . by applying the relation ©. = @ + @,/2 
(valid in the nonrelativistic limit), where Npps = 
2,326,621,801,616/2**. The factor N is thus N = 
NJ/Nops = 4,255,305,521.31286. Another AOM 
shapes the time domain profile of the laser pulses. 
Our signal to noise is optimal for 5th-order Bragg 
diffraction (n = 5) with a pulse separation time 
(Fig. 1) T= 160 ms. The atomic population at the 
interferometer output is determined by means of 
fluorescence detection and then processed to yield 
the interferometer phase A@ = A@taser + A fice. 
A feedback loop adjusts @eys¢ SO as to main- 
tain Ae = 0. Its operation is demonstrated in Fig. 3: 
The first 10 data points are taken during normal 
operation. At the 11th data point, we briefly dis- 
able the feedback, so that Way is free-running, 
and the experiment performs a Ramsey-Bordé 
photon recoil measurement. The measured signal 
is then proportional to @.7 = (Ne@eryst)” (Eq. 3). 


82658.26 


82658.24 


@,,/2n (Hz) 


82658.22 


82658.20 


Increasing NV. by 100 parts per billion (ppb) in- 
creases ®, and produces a 200-ppb increase in 
AQ free (Fig. 3, shaded area). At the 13th data point, 
the feedback is restored. Because the feedback 
stabilizes Mgrys¢ to a value inversely proportional 
to N- (Eq. 4), the signal frequency decreases by 
400 ppb, equilibrating 200 ppb lower than the 
first 10 data points (Fig. 3), which is opposite to 
the observed shift for a recoil measurement. 

Quantitative agreement is demonstrated by 
comparing the rest-mass stabilized frequency 
®eryst With a rubidium frequency standard [SRS 
FS725 (Stanford Research Systems, Sunnyvale, 
CA)] over 6 hours (Fig. 4A). It averages to 
9,999,998.127 Hz with a SD of the mean of 
0.015 Hz. A x’ test (Fig. 4B) yields a normalized 
y° = 1.4. Our statistical uncertainty is 0.015 Hz x 
(x7)'? = 0.018 Hz, or 1.8 ppb. Using Eq. 4 and 
correcting for systematic effects (16), we obtain 
the Compton frequency W/2m = (2,993,486,252 + 
12) x 10'° Hz. The deviation from the expected 
values (16, 18) is —5.2 + 4.0 ppb and is consist- 
ent with zero within 20. The Allan variance 
(Fig. 4C) is below 10 °/[1/(1000 s)]"7, where t 
is the integration time. 
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Fig. 3. Measured frequency wm (lower trace; left axis) as well as wm(2nN) (upper trace; right axis) 
shows the action of the feedback loop. During the shaded interval, the feedback is disabled. 
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Although this accuracy is modest, similar to 
the first cestum atomic clocks (9), the resolution 
and accuracy of atom interferometry is advancing 
rapidly (19). Up to 100-fold improvement in res- 
olution could be obtained by approaching the 
shot noise limit of our interferometer. Use of 
higher laser frequencies (which is possible with- 
out changing the reference particle), lighter parti- 
cles, and/or longer interrogation times can possibly 
lead to a Compton clock that can serve as a pri- 
mary time standard. The intrinsic stability and O 
factor of a stable particle’s Compton frequency 
is unmatched by any other frequency reference. 
Mass, frequency, time, and length could all be 
derived from one fundamental unit, defined by 
a specific particle. 

The clock can also be used for the oppo- 
site purpose, measuring mass by measuring the 
Compton frequency. In 2011, the General Con- 
ference on Weights and Measures (CGPM-2011) 
considered a revision to the SI units that would 
assign an exact value to the Planck constant h 
(20). The kilogram would then be referenced to 
the second through the defined values of the 
Planck constant and the speed of light. Micro- 
scopic masses could be related to the fine struc- 
ture constant (2/7, 22) or h/M (17); macroscopic 
masses could be measured by using the Watt 
balance (23, 24). These methods, however, re- 
quire auxiliary measurements and/or intricate 
theory (/6). The Compton clock would provide 
an absolute measurement of the cesium atom’s 
mass to an accuracy of 4.0 ppb, which is com- 
petitive with other methods and greater than 10 
times more accurate than in the present SI (/8). 
Other microscopic masses can be related to the 
cesium mass by means of mass spectroscopy. 

The link to macroscopic masses can be made 
by Avogadro spheres: silicon crystals of accu- 
rately measured volume Vand lattice constant a 
(25). In theory, the number of atoms contained 
in such a crystal is Nat = 8V/a*, where 8 is the 
number of atoms in the unit cell. Because binding 
energies are negligible, the Compton frequency 
of the sphere is @ = [m(Si)/m('°3Cs)]Nat OCs 
given by the measured Compton frequency of 
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Fig. 4. Compton clock performance. (A) Frequency minus 10 MHz versus time plotted over ~6 hours. (B) Histogram of data (bin size = 0.025 Hz). (C) Root 
Allan variance (RAV) of the data in (A). It is <10~®/(z/1000 s)”* between integration times t of ~100 s and ~ 1 hour. The slope between t = 10 and 100 s is 
an artifact of the 80-s update cycle of the experiment. 
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cesium atoms @cs. This yields its mass as M = 
wyhi/c*. The ratio m(Si)/m('*7Cs) is between 
the effective molar mass of the sphere’s mate- 
rial and cesium-133. According to (25), present 
data yields the spheres’ mass with an overall ac- 
curacy of 30 ppb so that they would constitute the 
most accurately calibrated macroscopic masses 
under the proposed CGPM-2011 redefinition—a 
testament to the precision achieved in construct- 
ing Avogadro spheres. 

Although any method for measuring micro- 
scopic mass can be used, the Compton clock 
offers a transparent connection between the sec- 
ond and a microscopic mass on the basis of sim- 
ple physical principles without requiring auxiliary 
measurements. It directly realizes a long-standing 
proposal to measure mass in terms of the Compton 
frequency (6). The method outlined here offers a 
different set of systematic effects as compared 
with Watt balances (23, 24), thus serving as an 
important test of the overall consistency of the 
laws of physics and experimental methods. It is 
based on a body’s inertial rather than gravitational 
mass. In the context of the present SI, the com- 
bination of the Avogadro project and the Compton 
clock serves as a measurement of the Planck 
constant. 

Looking forward, the rapidly developing field 
of optomechanics (26) might enable measure- 
ments of the single-photon recoil energy of a 
nanomechanical mirror. This could result in a 
clock referenced to the mass of a mesoscopic 
object, or a mesoscopic mass standard. Because 
Bragg diffraction of electrons has already been 
demonstrated (27), a clock using elementary par- 


ticles or even antiparticles is possible. Such clocks 
would be useful for testing CPT symmetry or the 
Einstein Equivalence Principle for antimatter. 

We have demonstrated a clock stabilized to 
the rest mass of a particle. It highlights the inti- 
mate connection between frequency and mass. It 
proves that massive particles can serve as a fre- 
quency reference without requiring their mass to 
be converted to energy as an explicit illustration 
of a key principle of quantum mechanics. Fur- 
thermore, we have shown that a single massive 
particle is sufficient to measure time. 


References and Notes 
1. R. Penrose, Cycles of Time: An Extraordinary View of The 
Universe (Knopf, New York, 2011), sec. 2.3. 
2. L. De Broglie, thesis, University of Paris, Paris, France (1924). 
3. H. Miller, A. Peters, S. Chu, Nature 463, 926 (2010). 
4. M. A. Hohensee, S. Chu, A. Peters, H. Mliller, Phys. Rev. 
Lett. 106, 151102 (2011). 
5. P. Wolf et al., Class. Quantum Gravity 28, 145017 (2011). 
6. J. W. G. Wignall, Phys. Rev. Lett. 68, 5 (1992). 
7. Ch. J. Bordé, Eur. Phys. J. Spec. Top. 163, 315 (2008). 
8. M. A. Hohensee, B. Estey, P. Hamilton, A. Zeilinger, 
H. Muller, Phys. Rev. Lett. 108, 230404 (2012). 
9. L. Essen, J. V. L. Parry, Nature 176, 280 (1955). 
10. T. E. Parker, Metrologia 47, 1 (2010). 
11. A. D. Ludlow et al., Science 319, 1805 (2008). 
12. C. W. Chou, D. B. Hume, J. C. J. Koelemeij, D. J. Wineland, 
. Rosenband, Phys. Rev. Lett. 104, 070802 (2010). 
13. A. D. Cronin, J. Schmiedmayer, D. E. Pritchard, Rev. Mod. 
Phys. 81, 1051 (2009). 
14. H. Miller, S.-W. Chiow, Q. Long, S. Herrmann, S. Chu, 
Phys. Rev. Lett. 100, 180405 (2008). 
15. S.-Y. Lan, P.-C. Kuan, B. Estey, P. Haslinger, H. Miller, 
Phys. Rev. Lett. 108, 090402 (2012). 
16. Materials and methods are available as supplementary 
materials on Science Online. 
17. R. Bouchendira, P. Cladé, S. Guellati-Khélifa, 
F. Nez, F. Biraben, Phys. Rev. Lett. 106, 080801 (2011). 


REPORTS 


18. P. J. Mohr, B. N. Taylor, D. B. Newell, The 2010 
CODATA Recommended Values of the Fundamental 
Physical Constants (Web Version 6.0); http://physics.nist. 
gov/constants. 

19. S. Dimopoulos, P. W. Graham, J. M. Hogan, M. A. Kasevich, 
Phys. Rev. Lett. 98, 111102 (2007). 

20. “Resolution 1: On the possible future revision of the 
International System of Units, the SI,” General 
Conference on Weights and Measures, Sevres, France, 
17 to 21 October 2011. 

21. D. Hanneke, S. Fogwell, G. Gabrielse, Phys. Rev. Lett. 
100, 120801 (2008). 

22. T. Aoyama, M. Hayakawa, T. Kinoshita, M. Nio, Phys. Rev. 
Lett. 109, 111807 (2012). 

23. |. A. Robinson, B. P. Kibble, Metrologia 44, 427 (2007). 

24. R. L. Steiner, E. R. Williams, R. Liu, D. B. Newell, 

IEEE Trans. Instrum. Meas. 56, 592 (2007). 

25. B. Andreas et al., Phys. Rev. Lett. 106, 030801 (2011). 

26. T. J. Kippenberg, K. J. Vahala, Science 321, 1172 (2008). 

27. D. L. Freimund, H. Batelaan, Phys. Rev. Lett. 89, 283602 
(2002). 


Acknowledgments: We thank S. Chu, P. Hamilton, and 

M. Kasevich for stimulating discussions; D. Budker, 

P. Kehaiyas, G. Kim, M. Xu, E. Ronayne Sohr, and D. Schlippert 
for experimental assistance; and A. Brachmann, R. Falcone, 
and W. E. White for providing a laser. J.M.B. acknowledges 
support by the Miller Institute for Basic Research in Science. 
This work was supported by the Alfred P. Sloan Foundation, the 
David and Lucile Packard Foundation, the National Institute of 
Standards and Technology, the National Science Foundation, 
and the National Aeronautics and Space Administration. 


Supplementary Materials 
www.sciencemag.org/cgi/content/full/science.1230767/DC1 
Materials and Methods 

Supplementary Text 

Figs. $1 and $2 

Table $1 

References (28-32) 


26 September 2012; accepted 20 November 2012 
Published online 10 January 2013; 
10.1126/science.1230767 


Nanoscale Nuclear Magnetic 
Resonance with a Nitrogen-Vacancy 


Spin Sensor 
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Extension of nuclear magnetic resonance (NMR) to nanoscale samples has been a longstanding 
challenge because of the insensitivity of conventional detection methods. We demonstrated the use 
of an individual, near-surface nitrogen-vacancy (NV) center in diamond as a sensor to detect 
proton NMR in an organic sample located external to the diamond. Using a combination of 
electron spin echoes and proton spin manipulation, we showed that the NV center senses the 
nanotesla field fluctuations from the protons, enabling both time-domain and spectroscopic NMR 


measurements on the nanometer scale. 


oth nuclear magnetic resonance (NMR) 
spectroscopy and magnetic resonance im- 
aging (MRI) have become indispensable 
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tools in many diverse fields of research, including 
analytical chemistry, materials science, structural 
biology, neuroscience, and medicine (/). The one 
major deficiency of NMR is the low sensitivity 
of the conventional coil-based induction meth- 
od of detection, which prevents its application 
to samples at the nanometer scale (2). Much im- 
proved detection sensitivity has been achieved 
with magnetic resonance force microscopy, which 
is based on detecting weak magnetic forces in 


the presence of a strong field gradient and has 
demonstrated nanometer-scale NMR imaging 
at cryogenic temperatures (3). Here, we present 
an alternative nanoscale detection method that 
works in the absence ofa magnetic field gradient, 
thus preserving spectroscopic information, and 
is operable over a wide range of temperatures, 
including room temperature. A single near-surface 
nitrogen-vacancy (NV) center in diamond is used 
as an atomic-size sensor to detect weak mag- 
netic fields originating from nuclear spins ex- 
ternal to the diamond. In an initial demonstration, 
we detected randomly polarized hydrogen nu- 
clei (protons) in an organic polymer. Both time 
domain and spectroscopic information were ob- 
tained by appropriately manipulating the pro- 
tons so as to affect the precession phase of the 
highly coherent NV electron spin. The results sug- 
gest that NV-based NMR detection may provide a 
path toward three-dimensional nanoscale mag- 
netic resonance imaging (nanoMRI) under ambi- 
ent conditions (4, 5). 

NV centers are proving to be particularly use- 
ful for both quantum information processing and 
nanoscale magnetic sensing (6—1/). The negative- 
ly charged center has a spin state with a long 
coherence time, especially in isotopically purified 
crystals (/2, 73), and an electronic-level structure 
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that enables a convenient optical initialization and 
readout of the spin state. Much previous work 
has concentrated on the interactions of NV cen- 
ters with nuclear spins internal to the diamond 
lattice (74-17), but nanoMRI requires the detec- 
tion of external nuclear spins. 

The key to effective external spin sensing is to 
have the NV center positioned near the diamond 
surface while maintaining a long spin coherence 
time (/8—20). The spin coherence in diamond 
can be adversely affected by magnetic fluctua- 
tions from '3C nuclear spins and various para- 
magnetic centers, such as nitrogen P1 centers and 
surface dangling bonds (2/). In our experiments, 
the NV center was embedded in a layer of iso- 
topically pure ‘°C diamond grown epitaxially 
on top of an electronic grade (001)-oriented dia- 
mond substrate by plasma-enhanced chemical 
vapor deposition (Fig. 1A). NV centers were 
formed ~20 nm below the surface by briefly in- 
troducing ‘SN, gas during the growth process, 
followed by electron irradiation to create va- 
cancies and annealing at 850°C to mobilize the 
vacancies and mitigate lattice damage (/3, 22). 
Despite their proximity to the surface, the re- 
sulting NV centers (Fig. 1B) had long electron 
spin coherence times 7>., on the order of 600 us 
as determined by Hahn spin echo measurements 
(Fig. 1D). This long spin coherence is critical 
for achieving the sensitivity required for these 
experiments. 

The experimental apparatus consisted of a 
home-built scanning confocal microscope that 
uses 532-nm laser radiation to probe the NV 
center. Fluorescence from the NV center in the 
wavelength range of 600 to 800 nm was de- 
tected with an avalanche photodiode and gated 
photon counter. The fluorescence intensity is 
indicative of the NV spin state because the m, =0 
spin state fluoresces with ~30% greater bright- 
ness than the m, = +1 states. To manipulate the 
spins in both the diamond and the polymer, a 
3.6-tum-wide microwire was lithographically 
fabricated on the diamond surface and driven 
by a programmable microwave (MW) synthesizer 
for NV spin control and a radiofrequency (RF) 
function generator for proton spin control. The 
proton-containing sample was a 60-nm-thick 
layer of poly(methyl methacrylate) (PMMA) 
with proton density py ~ 57 nm > formed by 
spin casting on the diamond surface. A back- 
ground magnetic field Bo of 70 to 80 mT from 
a permanent magnet was accurately aligned to 
the NV symmetry axis (along the diamond [111] 
axis). 

Several different protocols are possible for 
detecting weak magnetic signals from relatively 
distant nuclear spins. For the detection of internal 
'5C nuclear spins, multipulse sequences, such as 
the Carr-Purcell-Meiboom-Gill (CPMG) sequence, 
have been used to selectively couple the NV cen- 
ter to the Larmor-frequency magnetic field ema- 
nating from freely precessing nuclei (/5—/7). This 
approach is effective when the nuclear spin pre- 
cession has a 7, correlation time comparable 


to or exceeding the electron spin coherence time 
To. of the NV center. By contrast, for a typical 
solid-state organic sample, the nuclear spin cor- 
relation time is greatly reduced by strong dipolar 
interactions among the densely packed protons. 
Conventional proton NMR measurements on 
our PMMA material found 7, and T,,, to be 18 
and 14 us, respectively, much shorter than the 
600-us coherence time of the NV center. Thus, 
there is a mismatch in the time scales, and the 
nuclear spin precession will not remain coher- 
ent for the full duration of a long multipulse 
sequence (20). Rather than sensing the Larmor 
precession of the protons, we coupled the NV 
center to the longitudinal magnetization, which 
has a correlation time given by the spin-lattice 
relaxation time 7},, on the order of seconds at 
room temperature. 

As evident in Fig. 1C, the effective sample 
volume probed by the NV center was small, on 
the order of (24 nm)*. Because of the small 
volume and low polarizing magnetic field, the 
proton polarization was dominated by VN sta- 
tistical fluctuations, where the number of pro- 
tons N was of order 10° (23). Although the mean 
proton polarization was negligible, statistical fluc- 


532 nm excitation 
Fluorescence readout 


tuations of the longitudinal polarization were de- 
tected by their effect on the phase of the NV spin 
precession (20, 24—27). We started by polarizing 
the NV center to them, = 0 spin state with a 4-p1s 
laser pulse (Fig. 2A). The NV center was then 
driven with MW pulses in a spin echo sequence 
with total echo time t in the range of 300 to 440 us. 
Synchronous with the spin echo sequence, we 
applied two identical RF pulses separated in time 
by 1/2, with each pulse consisting of exactly 30 sine 
wave cycles (approximating NMR z pulses). The 
first RF pulse set up an initial random longitu- 
dinal polarization for the first half of the echo 
sequence. The second RF pulse inverted this po- 
larization for the second half. The inversion of 
proton polarization reversed the proton dipolar 
magnetic field B)(f) acting on the NV center and 
upset the equivalence of the NV spin precession 
for the two halves of the spin echo, thus reducing 
the spin echo amplitude. The identical nature of 
the RF pulses minimized any spurious effect 
they might have on the NV spin echo because 
identical disturbances during the two halves of 
the echo sequence should cancel. The spin echo 
sequence was typically repeated several million 
times to accumulate sufficient photon counting 
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Fig. 1. Basic configuration of NV-NMR detection. (A) Sample geometry with [111]-oriented NV spin 
embedded 20-nm deep within “°C diamond layer. The NV center detects NMR of protons in the PMMA 
polymer layer. (B) Fluorescence image of sample surface showing microwire and NV center (circled). (C) 
Cross-section of the PMMA layer showing calculated spatial dependence of proton detection sensitivity. 
Half of the proton signal originates from a volume of (24 nm)>. The two lobes are a consequence of the 
54.7° tilt angle of the NV axis with respect to the surface normal. (D) Normalized spin echo response versus 
total echo time. Solid curve is a fit of measured data points using the model E(t) = exp[—(t/T2.)"]. Fit 


parameters given = 2.17 andT2. = 606 us. 
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statistics and to ensure that many different ran- 
dom polarization states of the sample protons 


The spin echo response as a function of the 
frequency of the RF pulses (Fig. 2B) displayed 


were probed. distinct dips when the RF frequency matched 
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Fig. 2. Nanoscale NMR detection. (A) Pulsing scheme in which RF pulses serve to invert sample protons 
during the NV spin echo. Measurements are made with two different initial 2/2 pulse phases. (B) Relative spin 
echo response as a function of RF frequency. With the PMMA sample present, clear dips are seen when the RF 
frequency matches the proton Larmor frequency. No dip is evident after PMMA has been removed. Curves are 
offset vertically for clarity. Total echo time was 300 1s. (C) Center frequency of dips versus external field Bo. Line 
shows expected dependence based on the proton gyromagnetic ratio. 


Fig. 3. Time domain measurements and NMR spec- 
trum taken at By = 79.5 mT. (A) Spin echo sequence 
with an RF pulsing scheme similar to a Ramsey 
fringe. The effectiveness of proton inversion depends 
on evolution time t,. RF pulses consist of 15 sine 
wave cycles and approximate NMR 7/2 pulses. (B) 
Proton-induced oscillation of spin echo response & as 
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the proton NMR frequency. As expected, the RF 
frequency for the dip depended on the magnitude 
of the applied static field By. The dip frequency 
as a function of field was well fit by a line with 
slope 42.6 MHz:T' (Fig. 2C), which matches the 
gyromagnetic ratio for protons. When the PMMA 
layer was removed from the diamond, the signal 
disappeared, indicating that the proton signal 
does indeed originate from the polymer and not 
from hydrogen contamination within the dia- 
mond (bottom curve in Fig. 2B). 

The amplitude of the proton magnetic field 
fluctuations can be estimated from the depth of 
the dips in Fig. 2. The precession phase imbalance 
accumulated during the spin echo is given by 
56 = Wi? By (t)dt = Wt Bu (tat, where y = 
2n x 28 GHz:T! is the NV electron spin gyro- 
magnetic ratio. Assuming 50 is a normally distrib- 
uted random variable with zero mean, the resulting 
spin echo amplitude is E(t) = &(t)(cosdo) = 
Eo(t)exp(—((5)")/2). Here, o(t) is the nor- 
malized spin echo amplitude in the absence of 
proton reversals (Fig. 1D), (:-*) indicates mean 
value, and ((80)°) is the variance of the accumu- 
lated phase, which depends on both the magni- 
tude and correlation properties of the proton field 
fluctuations (20). For Ti, >> t, where By(t) is 
essentially static for the duration of an individual 
echo sequence (except for the RF-induced inver- 
sion), ((8)°) = 7’ 7(By,). Combining this equa- 
tion with the expression for E(t), we find (B4,) = 
(2/y°7")log(Eo(t)/E(t)), which simplifies for 
small fields to (BY,) = (2/71) AE /Eq(t), where 
AE/Eq(t) = [Eq(t) ~&()]/&p(t) is the fractional 
change in spin echo amplitude. 

The dips in Fig. 2B had depths that were roughly 
A&E o(t) = 0.20, which from the above expressions 
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gives the root-mean-square magnetic field Bms = 
(ByY!/ ? — 12 nT-ms, a value substantially less 
than expected. For a thick polymer layer, the field 
was expected to be Bins = C oly Py, * 1d3/2, 
where C = 1/8/2n ~ 0.050, [lo is the perme- 
ability of free space, lp is the proton magnetic 
moment, and d is the depth of the NV center 
(22, 24). Assuming a NV depth of 20 nm gives 
Bims = 75 nT-1ms, substantially greater than the 
experimental value. The cause of this discrepan- 
cy is not presently understood, but could be the 
result of greater-than-expected NV depth or in- 
efficiency in the proton inversions by less-than- 
ideal RF field amplitude (estimated to be about 
1 mT). 

The signal-versus-frequency curves in Fig. 
2B represent a crude form of NMR spectros- 
copy, but the dips are broadened by the am- 
plitude of the RF pulses. To obtain higher spectral 
resolution, we implemented a Fourier trans- 
form technique resembling that used in conven- 
tional high-resolution NMR spectroscopy, where 
a time domain “free induction decay” (FID) is 
Fourier transformed to obtain the NMR fre- 
quency spectrum (/). We modified our pulse se- 
quence by splitting each RF z pulse into a pair of 
t /2 pulses (Fig. 3A). We then incremented the 
spacing T,, of the z /2 pulses in a manner similar to 
a Ramsey fringe experiment while monitoring the 
effect on the NV spin echo. This pulsing scheme 
differed from a conventional Ramsey experiment 
in that the frequency of the RF pulses was at the 
proton frequency and not at an offset frequency, 
and the RF pulses were not gated from a continuous- 
wave oscillator, but were triggered waveforms con- 
sisting of exactly 15 sine wave cycles. 

As the pulse spacing t, was scanned, the NV 
spin echo response oscillated with a period that 
matched the proton Larmor frequency (Fig. 3B). 
This time domain response is roughly equivalent 
to a conventional FID in NMR, but is based on 
the correlation of the precession of the statistical 
proton polarization. No oscillations were seen if 
the RF frequency was far off the NMR resonance 
(e.g., by 600 kHz) or if the PMMA was removed 
(fig. S2). 

To obtain a longer time record, we recorded 
the spin echo response using coarser steps in T, 
(Fig. 3C). The coarser steps allowed faster ac- 
quisition of a long time record, but undersam- 
pled the Larmor frequency oscillation, resulting 
in an “aliasing” effect where the Larmor preces- 
sion frequency appeared to have shifted to a lower 
frequency. Despite the undersampling, the pre- 
cession oscillations were clearly seen and de- 
cayed substantially during the first 15 us, similar 
to the 7;,, time scale expected for PMMA. After 
the initial decay, some oscillations persisted to the 
end of the 50-1s-long record, which was unex- 
pected for a solid-state polymer given the short 
T>,- This unexpected persistence of the appar- 
ent proton coherence is not understood, although 
it suggests that some component of the sam- 
ple, perhaps residual solvent, has a longer than 
expected T,,,. 


By applying a cosine transform to the time 
domain data, we obtained the frequency spectrum 
shown in Fig. 3D. The spectrum shows a single 
narrow peak at the proton Larmor frequency 
(after correcting for aliasing) with full width at 
half-maximum of ~20 kHz. Some broadening at 
the base of the peak is also evident. For compari- 
son, we overlay a conventional NMR spectrum 
taken at 11.7 T, which also shows just a single 
central peak with a width that closely matches that 
of the NV-based spectrum. 

The detection of external nuclear spins using 
a single NV center represents an important first 
step toward NV-based nanoMRI. Looking for- 
ward, it is instructive to evaluate current sensi- 
tivity levels and project possible improvements 
in the context of future imaging experiments. 
For the detection of the random fields with our 
protocol, the minimum detectable mean-square 
magnetic field [i.e., with unity signal-to-noise ra- 
tio (SNR)] is given by B2,, = Ayo? Ty”, 
where 7, is the total acquisition time (22). The 
parameter A characterizes the photon-counting 
rate and spin-dependent contrast and is given 
by A = 2V/2(ao + Bo)'/7/(@o — By)Eo(t), where 
Qo and Bo are the average number of photons 
detected per echo for the NV in the m, = 0 and 
+1 states, respectively. Under the present condi- 
tions of dp = 0.02, By = 0.014, t = 440 us, and 
&0(t) = 0.60, and assuming the longest practical 
dwell time for an imaging application to be T, = 
60 s, we find that Byin = 8 nT-rms. 

Using the results of numerical calculations, 
we can interpret the minimum detectable field in 
terms of the volume of protons needed to produce 
such a field (22). Assuming a cubic volume ele- 
ment (voxel) located 20 nm above the NV cen- 
ter on the diamond surface, we find that the voxel 
size producing 8 nT-rms is (4.3 nm)°*. Here, we 
have taken into account the 54.7° angle between 
the [111]-oriented spins and the (001) surface 
normal and assumed optimal lateral placement of 
the voxel. If we require a signal-to-noise ratio of 
10, the corresponding volume element would be 
(12 nm)*. Many technical improvements in 
NV signal detection have been previously dem- 
onstrated that would enhance the spin sensi- 
tivity even further. For example, if we assume a 
fivefold improvement of fluorescence detection 
using microfabricated photonic structures (78, 28) 
and a reduction of NV center depth to 5 nm with 
To. = 200 us (13), we find that Bin = 15 nT-rms 
for a 60-s acquisition time. The reduced NV 
depth would greatly improve the sensitivity to the 
protons on the surface, yielding unity SNR for a 
volume element of only (0.2 nm)’, essentially 
single-proton sensitivity, if a (111)-oriented dia- 
mond surface is assumed. If we demand a SNR 
of 10 and require the ability to image at least 5 nm 
deep into the sample, the corresponding volume 
element is (1.8 nm)*. Although many technical is- 
sues still remain, the potential for three-dimensional 
nanoscale imaging with room-temperature oper- 
ation, elemental selectivity, and no radiation dam- 
age suggests that NV-based nanoMRI could become 


an important complement to current state-of-the- 
art molecular imaging techniques, such as cryo- 
electron tomography (29) and noncontact atomic 
force microscopy (30). 


References and Notes 

1. R. R. Ernst, G. Bodenhausen, A. Wokaun, Nuclear 
Magnetic Resonance in One and Two Dimensions 
(Oxford Univ. Press, Oxford, 1987). 

2. P. Glover, S. P. Mansfield, Rep. Prog. Phys. 65, 
1489 (2002). 

3. C. L. Degen, M. Poggio, H. J. Mamin, C. T. Rettner, 
D. Rugar, Proc. Natl. Acad. Sci. U.S.A. 106, 1313 
(2009). 

4. C. L. Degen, Appl. Phys. Lett. 92, 243111 (2008). 

5. B. M. Chernobrod, G. P. Berman, J. Appl. Phys. 97, 
014903 (2005). 

6. A. Gruber et al., Science 276, 2012 (1997). 

7. R. J. Epstein, F. M. Mendoza, Y. K. Kato, D. D. Awschalom, 
Nat. Phys. 1, 94 (2005). 

8. M. S. Grinolds et al., Nat. Phys. 7, 687 (2011). 

9. F. Jelezko et al., Phys. Rev. Lett. 93, 130501 
(2004). 

10. J. R. Maze et al., Nature 455, 644 (2008). 

11. G. Balasubramanian et al., Nature 455, 648 (2008). 

12. G. Balasubramanian et al., Nat. Mater. 8, 383 
(2009). 

13. K. Ohno et al., Appl. Phys. Lett. 101, 082413 
(2012). 

14. P. Neumann et al., Science 329, 542 (2010). 

15. N. Zhao et al., Nat. Nanotechnol. 7, 657 (2012). 

16. T. H. Taminiau et al., Phys. Rev. Lett. 109, 137602 
(2012). 

17. S. Kolkowitz, Q. P. Unterreithmeier, S. D. Bennett, 
M. D. Lukin, Phys. Rev. Lett. 109, 137601 (2012). 

18. P. Maletinsky et al., Nat. Nanotechnol. 7, 320 
(2012). 

19. B. Grotz et al., New J. Phys. 13, 055004 (2011). 

20. H. J. Mamin, M. H. Sherwood, D. Rugar, Phys. Rev. B 
86, 195422 (2012). 

21. A. Laraoui, J. S. Hodges, C. A. Meriles, Nano Lett. 
12, 3477 (2012). 

22. See supplementary materials on Science Online. 

23. C. L. Degen, M. Poggio, H. J. Mamin, D. Rugar, 
Phys. Rev. Lett. 99, 250601 (2007). 

24. C. A. Meriles et al., J. Chem. Phys. 133, 124105 
(2010). 

25. A. Laraoui, J. Hodges, C. Ryan, C. Meriles, Phys. Rev. B 
84, 104301 (2011). 

26. J. M. Taylor et al., Nat. Phys. 4, 810 (2008). 

27. L. T. Hall, J. H. Cole, C. D. Hill, L. C. L. Hollenberg, 
Phys. Rev. Lett. 103, 220802 (2009). 

28. J. P. Hadden et al., Appl. Phys. Lett. 97, 241901 
(2010). 

29. E. |. Tocheva, Z. Li, G. J. Jensen, Cold Spring Harb. 
Perspect. Biol. 2, a003442 (2010). 

30. L. Gross, F. Mohn, N. Moll, P. Liljeroth, G. Meyer, 
Science 325, 1110 (2009). 


Acknowledgments: We thank F. Reinhard, J. Wrachtrup, 

P. Hemmer, and A. Bleszynski Jayich for helpful 
discussions. This work was supported by the Defense 
Advanced Research Projects Agency QuASAR program, 
the Air Force Office of Scientific Research, and the 
Center for Probing the Nanoscale at Stanford University 
(NSF grant PHY-0830228). 


Supplementary Materials 
www.sciencemag.org/cgi/content/full/339/6119/557/DC1 
Materials and Methods 

Supplementary Text 

Figs. $1 to $3 


15 October 2012; accepted 3 December 2012 
10.1126/science.1231540 


1 FEBRUARY 2013 VOL 339 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on January 31, 2013 


Nuclear Magnetic Resonance 
Spectroscopy on a (5-Nanometer)° 


Sample Volume 


T. Staudacher,”? F. Shi,> S. Pezzagna,’ J. Meijer,’ J. Du,> C. A. Meriles,” 


F. Reinhard,** J. Wrachtrup* 


Application of nuclear magnetic resonance (NMR) spectroscopy to nanoscale samples has remained 
an elusive goal, achieved only with great experimental effort at subkelvin temperatures. We demonstrated 
detection of NMR signals from a (5-nanometer)* voxel of various fluid and solid organic samples 
under ambient conditions. We used an atomic-size magnetic field sensor, a single nitrogen-vacancy 
defect center, embedded ~7 nanometers under the surface of a bulk diamond to record NMR 
spectra of various samples placed on the diamond surface. Its detection volume consisted of only 
10* nuclear spins with a net magnetization of only 107 statistically polarized spins. 


uclear magnetic resonance (NMR) spec- 
| \ | troscopy (/, 2) provides a label-free meth- 


od for chemical analysis, provided that 
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there is sufficient sample for detection. Much 
effort has been directed to applying NMR to 
nanoscale samples. Indeed, NMR detection of a 
(4 nm)° voxel of protons has been achieved with 
magnetic resonance force microscopy, a challeng- 
ing experimental technique operating at ultralow 
temperature in vacuum (3, 4). Under ambient 
conditions, microcoil detectors have enabled the 
detection of liquid samples of (3000 nm)* vol- 
ume, but further miniaturization of this tech- 
nique is not straightforward (5, 6). 

Recently, single nitrogen-vacancy (NV) cen- 
ters in diamond (7, 8) have been proposed as a 
novel atomic-size magnetic field sensor for de- 


Spin Noise 


REPORTS 


tecting nanoscale nuclear spin ensembles or even 
single nuclear spins (9). This center is a joint 
defect in the carbon lattice of diamond, consist- 
ing of a substitutional nitrogen atom and an ad- 
jacent vacancy. Its spin triplet (spin 1) ground 
state can be polarized and read out optically, so 
that electron spin resonance experiments can be 
performed on a single spin. A single center can be 
used as a nanoscale magnetic field sensor, able to 
detect a magnetic field in the nanotesla range in 
an integration time of 1 s (/0). This corresponds 
to the field of a single nuclear spin at a distance 
of a few nanometers (9). Indeed, detection of 
single '°C nuclear spins has recently been re- 
ported, located inside the diamond lattice a few 
nanometers from the NV center (//—/3). 

Here we demonstrate detection of proton ('H) 
nuclear spins in various liquid and solid sam- 
ples placed on the diamond surface. This is a key 
milestone toward achieving nanoscale magnetic 
resonance imaging based on scanning NV cen- 
ters (14, 15). The technique additionally allows 
one to perform NMR on an arbitrary sample in 
the regime of ultralow and zero magnetic field, 
because it is based on statistical rather than thermal 
polarization of the nuclei. Further, our results are 
an inital step toward efficient hyperpolarization 
of any organic sample by the coherent transfer of 
polarization from the optically and fully polar- 
ized NV center. 

We used the experimental setup sketched in 
Fig. 1A. Single NV centers were created 2.5 to 
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Fig. 1. (A) NV centers implanted near the diamond surface were used to detect 
proton spins within liquid and solid organic samples placed on the crystal sur- 
face. (B) Spin noise from a small ensemble of nuclear spins. Larmor precession 
creates an oscillating field of statistically fluctuating amplitude and phase. (C) 
XY8-N dynamical decoupling sequence used to detect this spin noise. Ramsey 
interferometry by an initial and final 2/2 pulse measures the magnetic field. A train of N x pulses acts as a filter to select a specific frequency component 
of the noise. (D) Filter function of the pulse sequence, peaking at one specific frequency 1/2. (E) Repeating the sequence for varying pulse spacing t 
yields a spectrum of the spin noise. 
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Fig. 2. (A) NMR spectrum of statistically polarized nuclei in the vicinity of a 
shallow implanted NV center. A strong contribution of °C nuclei inside the dia- 
mond [yellow, acquired by a CPMG6 sequence (20)] was accompanied by a 


10 nm below the surface of the diamond by ion 
implantation (/6) with a sample of organic ma- 
terial placed on the diamond surface [see sup- 
plementary material (/7)]. 

Our technique for detecting the magnetic field 
of protons in the sample is based on measuring 
the statistical polarization of the spin population 
near the NV center with a dynamical decoupling 
method (Fig. 1, B to E). The magnetic field at the 
NV center is dominated by a small number of 
nearest protons (on the order of 10*). The net 
magnetization of this small set of randomly 
oriented spins is zero but has a sizable standard 
deviation equivalent to. /N = 107 protons. Equiv- 
alently, this excess amount of protons can be con- 
sidered to be statistically polarized along a random 
direction (/8, 19). In particular, this statistical 
polarization will lead to a random magnetization 
(M,.),(M,) in the transverse plane, which undergoes 
Larmor precession under the applied magnetic 
field and leads to an oscillating field component 
B= B((M,), (M,))cos(2nt/tLarmor + 6) along 
the axis of the NV center. 

We detected this oscillating component using 
dynamical decoupling ac magnetometry based 
on the XY8-N pulse sequence (20-26) (Fig. 
1C). Here, an initial 1/2 microwave pulse places 
the NV center into a coherent superposition 
(|0) + e|1))/\/2 of two spin states. Its phase 
@ is sensitive to the fluctuating magnetic field and 
evolves from = 0 at the beginning of the se- 
quence to a nonzero random phase @ = Ag, which 
is converted into a population difference of the 
states by a final 7/2 pulse and subsequently read 
out. For a fluctuating magnetic field, this phase is a 
random variable with variance (Ag), which, when 
averaged over many repetitions, reduces the read- 
out contrast obtained after the final 1/2 pulse to 


C= 2(lfy)P-1 =e? 


The phase (A) is made sensitive to spe- 
cific frequency components by periodically flip- 
ping the NV spin by a train of N equidistant 7 
pulses between the initial and final 1/2 pulse. 
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This “quantum lock-in detection” (23) enhances 
sensitivity to all fields oscillating synchronously 
with the pulse spacing t, while it suppresses the 
effect of field fluctuations at every other fre- 
quency. More precisely 


eo) 
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n=—0 


where y = gulp /h is the NV spin’s gyromagnetic 
ratio, v, = n/Nt, Sg(v,) is the power spectral 
density of magnetic field fluctuations, and the 
filter function S_(v,) is a function sharply peaked 
around the frequency 1/2t encoding the effect of 
the m-pulse train (Fig. 1D). Repeating the ex- 
periment for varying pulse spacings t, we can 
sample the entire spectrum Sp(v,) and hence 
record a NMR spectrum of statistically polarized 
nuclei in the vicinity of the center. 

A typical spectrum obtained from such an ex- 
periment (Fig. 2A) is dominated by a strong 
peak at the '°C Larmor frequency, corresponding 
to spin noise from intrinsic nuclei of the diamond 
lattice. Under high-order dynamical decoupling, 
sensitivity increased sufficiently to reveal an ad- 
ditional smaller peak (blue line in Fig. 2A) that we 
attribute to protons from the sample placed on the 
diamond surface. Its frequency scales linearly with 
magnetic field (Fig. 2B) with a slope of 4.25 + 
0.04 kHz/G, the gyromagnetic ratio of 'H. 

We could reversibly switch the signal seen by 
a given NV center by coating the surface with 
different solid and liquid compounds (Fig. 3A). 
The signal was visible under a coating of immer- 
sion oil (yellow circles), but it completely van- 
ished under a coating of a deuterated polymer 
(-H-PMMA, blue triangles) and subsequently 
reappeared when the surface was coated with its 
natural-abundance equivalent (green squares). 
We also demonstrated basic spectroscopy by 
recording several high-resolution spectra (Fig. 
3B). Under a PMMA coating, we measured a 
broadened linewidth of 46.3 + 1.5 kHz (ob- 
tained from a Lorentzian fit), which agrees well 
with reported data (27). Spectroscopy under a 
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weaker component of *H nuclei of the sample (blue, acquired using a XY8-160 
sequence and a sample of microscopy immersion oil). (B) Both components shifted 
with the magnetic field at the gyromagnetic ratios of the respective species. 
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Fig. 3. (A) NMR spectra obtained successively on 
the same center with an XY8-80 sequence under 
coatings of a liquid sample (immersion oil, yellow 
points), a deuterated solid 7H PMMA, blue triangles), 
and a protonated solid sample (*H PMMA, green 
squares). (B) High-resolution spectra (XY8-112). 
Green squares: Spectrum under a polymer coating 
(7H PMMA). Yellow circles: Spectrum under immer- 
sion oil, obtained on the same NV. Tilted red squares: 
Spectral resolution of our scheme, obtained on a 
different NV by applying externally generated mag- 
netic field noise of fixed frequency. Spectra are off- 
set along the y axis to enhance readability. 


liquid sample reveals a narrow line (oil, Fig. 3B), 
as expected from rotational narrowing. Its line- 
width of 14.4 + 0.4 kHz was still four orders of 
magnitude greater than typical values for bulk 
liquid NMR, which can be explained by two ef- 
fects. First, diffusion through the nanoscale sam- 
ple volume can randomize polarization on a fast 
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Fig. 4. Numerical simulation A 
of the detection volume. (A) 
Three-dimensional visualiza- 
tion of the 10* closest pro- 
tons (spheres), generating 
70% of the signal. Protons 
are color-coded by their con- 
tribution to the total signal. 
(B) Two-dimensional projec- 
tions of (A). 


time scale and broaden the line. Second, the line 
was substantially broadened by our spectral res- 
olution (12.2 + 0.3 kHz, upper curve of Fig. 
3B). This experimental resolution could be im- 
proved by increasing N, the order of dynamical 
decoupling, which should allow for an ultimate 
resolution of Av/v ~ (Ti,wvQrwv) | = Ippm, 
with 7) vy Qp,wv denoting the relaxation time and 
Rabi frequency of the NV, respectively (28, 29). 

The integrated, background-corrected field 
strength experienced under a coating of PMMA 
by a typical NV center is Buns = 390 + 60 nT (green 
shaded area in Fig. 3A). According to an ana- 
lytical model of the proton magnetic field (30), 
assuming a homogeneous proton density of 5 x 
10°8 n>, this field strength corresponds to an NV 
center located 6.4 + 0.7 nm below the surface. 
Numerical simulations of the ion implantation 
predict a similar value (/7). This suggests that 
our result can yield a nondestructive method to 
measure the depth of an individual center with 
nanometer statistical uncertainty. 

We confirmed the signal magnitude by a nu- 
merical simulation, which explicitly computes 
the field of 4 x 10° protons, placed at random 
locations in a cube of 20-nm width. We found 
that 70% of the signal was generated by the 10* 
closest protons, corresponding to a detection vol- 
ume of only (5 nmy° (Fig. 4), which is comparable 
to that of a medium-size (100-kD) protein. 

An important extension of our results will 
be the combination with scanning NV centers 
(14, 15) to implement NMR imaging at the nano- 
scale. Being based on statistical rather than 
thermal polarization, our approach enables the 
acquisition of NMR spectra of an arbitrary sub- 
stance at low magnetic fields, down to and includ- 
ing zero field, without the need for prepolarization 
(31). In this regime, magic angle spinning can 
be realized by rotating the external field rather 
than the sample. This allows for higher rotation 
frequencies than at high field, which is poten- 
tially of great benefit for solid-state NMR. Fi- 
nally, we anticipate that our technique can yield 
a new method of hyperpolarization for arbitrary 
samples by coherently transferring the polariza- 
tion of the NV spin to the sample. We estimate 
that full polarization of the detection volume 
might be achievable. The transfer of one quan- 
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tum of angular momentum would occur on the 
time scale of our detection (~20 us), and hence 
10* transfers can be completed on a time scale 
faster than the protons’ longitudinal relaxation 
time 7; (typically on the order of seconds). 
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Detecting Ozone- and Greenhouse 
Gas—Driven Wind Trends with 


Observational Data 


Sukyoung Lee** and Steven B. Feldstein” 


Modeling studies suggest that Antarctic ozone depletion and, to a lesser degree, greenhouse gas 
(GHG) increase have caused the observed poleward shift in the westerly jet during the austral summer. 
Similar studies have not been performed previously with observational data because of difficulties 

in separating the two contributions. By applying a cluster analysis to daily ERA-Interim data, we found 
two 7- to 11-day wind clusters, one resembling the models’ responses to GHG forcing and the 

other resembling ozone depletion. The trends in the clusters’ frequency of occurrence indicate that 
the ozone contributed about 50% more than GHG toward the jet shift, supporting the modeling results. 
Moreover, tropical convection apparently plays an important role for the GHG-driven trend. 


em Hemisphere (SH) westerlies have un- 


To the late 20th century, the South- 
dergone a poleward shift (/—3), especially 


during the austral summer (December through 
February; DJF hereafter) (Fig. 1A). This change af- 
fects weather and climate not only by altering the 
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location of storms but also by influencing the rate of 
carbon uptake in the Southern Ocean (4, 5) and by 
decreasing Antarctic snow melt (6). This poleward 
jet shift is commonly described as a trend toward 
the positive phase of the Southem Annular Mode 
(SAM), a pattern that is often defined as the first 
empirical orthogonal function of the zonal-mean 
zonal wind (7). Modeling studies found that a pos- 
itive SAM trend can be simulated either by in- 
creasing the atmospheric greenhouse gas (GHG) 
concentration (8) or by decreasing stratospheric 
ozone, with the ozone having a greater impact 
(9, 10). It is unclear to what extent the model-based 
attributions are valid in nature; similar attribution 
studies have not been performed with observa- 
tional data because of the perception that the cir- 
culation responses cannot be separated. However, 
the continuum perspective (//, 2) suggests that the 
responses to the two forcings may be sufficiently 
different from each other that a cluster analysis 
would find them to be distinctive. Although this 
approach has its own uncertainties, if the response 
to the forcings inferred from observational data 
resemble those from model experiments, we can be 
reasonably confident that the impacts of the indi- 
vidual forcings are being accurately evaluated. 

This possibility was explored by applying the 
method of self-organizing maps (SOMs) (/2, /3) 
to daily DJF zonal-mean zonal wind data from the 
European Center for Medium-Range Weather Fore- 
casts ERA-Interim reanalysis data set (/4). The 
method partitions the data into a specified num- 
ber of patterns, referred to as SOM patterns, orga- 
nized on an (m x n) SOM grid. The SOM pattems 
are determined by minimizing the euclidean dis- 
tance (/2) between the SOM patterns and the ob- 
served fields, yielding patterns that closely resemble 
the observations. The number of SOM pattems 
chosen has its basis in two criteria: the number must 
be large enough to accurately capture the observed 
daily fields but small enough to conveniently 
describe the zonal wind anomalies. We quantified 
this accuracy by calculating pattern correlations be- 
tween the observed daily fields and the particular 
SOM pattern for each day that has the smallest 
euclidean distance from the observed field. From 
this calculation (summarized in Table 1), we con- 
clude that a (4 x 1) grid meets these two criteria. 

The four SOM patterns (Fig. 2, left column) 
express various degrees of zonal wind variability: 
The first pattern (first row, referred to as SOM1) 
corresponds to an equatorward shift of the mid- 
latitude westerlies; the second pattern (second 
row, SOM2) also describes an equatorward shift 
but includes a strong tropical signal; the third pat- 
tern (third row, SOM3) coincides with a poleward 
shift of the westerlies with a weakening in the 
maximum strength of the jet; and the fourth pat- 
tern (fourth row, SOM4) corresponds to a smaller 
poleward jet shift with a strong tropical component. 
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Three of the four SOM patterns (except SOM2) 
coincide with a large-amplitude composite (/5) 
SAM signal (fig. $1). The frequency of occurrence 
(for brevity, “frequency”’) of each SOM pattern was 
measured by counting the number of days on 
which the euclidean distance between a particular 
SOM pattern and the observed pattern is smallest. 
This yielded a time series of the frequency (Fig. 2, 
right column). For SOM3, there is a statistically 
significant (P < 0.05) positive linear trend (see 
the red dashed line). The SOM1 frequency also 
shows a noticeable trend (the black dashed line), 
although it is not statistically significant. 

The extent to which the trend of individual 
SOM patterns contributes to the actual observed 
linear trend can be quantified by multiplying each 
SOM pattern by the corresponding frequency 
trend normalized by 90 (DJF) days (/6). The 
result (Fig. 2, middle column) shows that the 
poleward shift in the westerlies is dominated by 
contributions from both SOM1 and SOM3, with 
the latter being roughly 50% greater. The sum 
of all four SOM-derived trends (Fig. 1B) com- 
pares well with the actual trend (Fig. 1A) in most 


Pressure (hPa) 


Pressure (hPa) 


regions. Because the composite (/5) time scales 
of SOM1 and SOM3 are 11 and 7 days (measured 
as the average of the time scales over which the 
composite SOM1 and SOM3 amplitudes grow 
and decay by a factor of e), respectively (fig. S2), 
our finding indicates that most of the observed 
poleward jet shift can be explained by the deca- 
dal trends in the frequencies of SOM1 and SOM3. 

The spatial structures suggest that SOM1 may 
be linked to GHG warming and SOM3 to strato- 
spheric ozone depletion. Figure 2 shows that 
SOM1 has a node at the jet center, with one dom- 
inant extremum on the equatorward side of the 
jet that has virtually no vertical tilt. In contrast, 
SOM3 has a node located slightly poleward of 
the jet center and three extrema on the equator- 
ward side of the jet, with the two nodes on the 
equatorward side tilting poleward with height. 
These characteristics of SOM1 and SOM3 are 
present in the model responses to GHG forcing 
[e.g., figure 5b in (8), figure 4b in (/0), and figure 
3a in (17)] and ozone forcing [figure 3a in (/8), 
figure 4a in (/0), and figure 4B in (/9)], respec- 
tively [figure 4b in (70) is reproduced as fig. S3]. 


Fig. 1. The 1979 to 2008 
DJF zonal-mean zonal wind 
trend: (A) total trend and 
(B) the sum of the four SOM 
trends shown in Fig. 2. The 
solid contours show the cli- 
matological zonal-mean zon- 
al wind. 


Height (km) 


Height (km) 


mm 0.08 —0.02 -0.005 0.01 0.04 0.12 (ms-!/year] 


Table 1. Pattern correlations between the daily zonal-mean zonal wind and the corresponding SOM 
pattern for each day, weighted by the corresponding SOM frequency (second column). The third column 
shows correlations (corr) for SOM1 for the (4 x 1) grid, and SOM1-like patterns for all other grids. When 
there are more than one SOM1-like patterns, multiple correlations are shown. Similarly, the fourth 
column shows correlations for SOM3 and SOM3-like patterns. 


SOM grid Mean corr for allSOMs Corr for SOM1-like pattern Corr for SOM3-like pattern 
(4 x 1) 0.48 0.59 0.66 

(5 x 1) 0.51 0.61 0.67 

(6 x 1) 0.52 0.69 0.70 

(7x 1) 0.54 0.68 0.73 

(8 x 1) 0.55 0.68 0.63/0.75 

(9x 1) 0.58 0.73/0.63 0.75 
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Figure 3A shows the time series of both 
DJF global mean temperature [from the Nation- 
al Oceanic and Atmospheric Administration 
(NOAA) Climatic Data Center], defined here as 
the deviation from the 1901 to 2000 average, and 
the SOM1 frequency. (The former time series is 
used as an indicator of the response to GHG 
forcing.) At time scales longer than 7 years (low 
pass), the upper limit of the El Nifiio—Southern 
Oscillation (ENSO) time scale, these time series 
are correlated at —0.52, whereas for shorter time 
scales (raw minus low pass; simply “high pass” 


hereafter), their correlation is 0.50. Both correla- 
tions are significant (P < 0.05). The high-pass 
SOM1 frequency and global mean temperature 
are correlated with the Nifio 3.4 index (Fig. 3B) 
at values of 0.75 and 0.64, respectively, indi- 
cating that the positive correlation between the 
high-pass SOM1 frequency and global mean 
temperature is likely due to the driving of both 
quantities by ENSO. Indeed, as indicated by the 
blue lines in Fig. 2, ENSO influences the SOM1 
frequency, whereas its impact is negligible for 
the remaining SOMs. 


REPORTS [ 


How do we then interpret the negative cor- 
relation at the low frequencies? We suggest that 
the answer lies in the fact that GHG driving not 
only increases the global mean temperature, it 
also causes a La Nifia—like trend in tropical sea 
surface temperature (20, 2/7) and convection 
(22), with both variables exhibiting an increase 
over Indonesia and a decrease over the central 
tropical Pacific. This is supported by SOM1 ex- 
hibiting both a downward decadal trend in its 
frequency of occurrence (Fig. 2) and on intra- 
seasonal time scales by its being associated with 


SOM pattern SOM trend frequency of occurrence 
100 80 
150 60 
z= 200 oO 
— € 250 - 
= 2 300 40 << 
CO 3 = 
1 $ 400 = 
® 500 20 ae 
— 
9) 
700 0 5 
850 — 
1000 80 x 
1990 1995 2000 5 
150 60 D> 
= 200 °o 
OQ £ 250 D> 
= 2 300 40 g 
O 3 oO 
ae ane 20 2 
* 500 oO 
3 
700 ) 
850 0 = 
1000 80 = 
1985 1990 = 
150 60 ) 
= 200 = 
CD £ 250 o) 
= 2 300 40 S 
= A 400 a 
De Cc 
E509 = z 
700 a 
850 0 
1000 80 
1985 1990 1995 2000 
150 60 
oy 200 
wt £ 250 
= 2 300 40 
CO a 
~ 6 400 
E509 20 
700 
850 0 
1000 
60S 308 0 608 305 9 1980 1985 1990 1995 2000 2005 
r “l 
52 42 32 -22 -l2 -02 02 2 22 2 42° °é5 2 [m s*] 


Fig. 2. The SOM patterns of the DJF zonal-mean zonal wind for a (4 x 1) 
grid. The left column shows the SOM patterns, the middle column is the 
1979 to 2008 trend for each SOM, and the right column shows the fre- 
quency time series (solid black line) shown as the number of days for each 
DJF season. The solid contours in the first two columns show the clima- 
tological zonal-mean zonal wind. In the third column, the solid blue lines 
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are ENSO-removed frequency time series. The dashed black (blue) lines are 
the least square linear fit of the frequency (ENSO-removed frequency) time 
series. If the linear fit is statistically significant (P < 0.05) based on a Student's 
t test, the dashed black line is replaced by a dashed red line. The color bar 
is for the first column. The scale for the second column is shown in the color 
bar of Fig. 1. 
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an El Nifio—like outgoing long-wave radiation 
(OLR; a proxy of tropical convection intensity) 
anomaly pattern (fig. S4a) that is opposite in 
sign to that for La Nina. [If the OLR composite 
is confined to ENSO neutral years, the La Nina— 
like convection anomalies remain intact, except 
in the eastern Pacific (fig. S4b).] The trend in 
tropical OLR associated with the SOM patterns 
is dominated by SOM1, and consistently the 1979 
to 2008 OLR trend exhibits a La Nifia—like OLR 
structure (fig. S5). This connection between the 
La Nifia—like convection and the poleward jet 
shift is consistent with previous studies (23, 24). 

The SOM3 frequency is not correlated with 
the global mean temperature and is instead sig- 


nificantly correlated at —0.45 (P < 0.05) with a 
November Antarctic ozone index, which we de- 
fine as the integrated total column ozone anomaly 
(from ERA-Interim data) poleward of 75°S (with 
area weighting), where the reference state for 
the anomaly is the 1979 to 2008 DJF mean total 
column ozone. (The SOM1 frequency is uncor- 
related with the ozone index.) To facilitate com- 
parison with the SOM3 frequency, we plotted 
the ozone index with its sign reversed (Fig. 3C). 
Moreover, the SOM3 frequency time series close- 
ly resembles the yearly time series of the calen- 
dar date of the stratospheric final warming (25), 
whose trend toward later dates is attributed to 
ozone depletion. The final warming occurs most- 


ly during December. Consistently, we found that 
for this month SOM3 occurs most frequently and 
its trend is positive. A separate SOM analysis 
for each of the three months, which yields similar 
patterns, also found that the frequency time series 
for SOM3-like patterns exhibits the highest cor- 
relations with the Antarctic ozone index during 
December. In contrast, the correlations between 
SOM1-like frequency series and the global mean 
temperature were found to be largest during Jan- 
uary and February, indicating that the influence 
of GHG is strongest during the late summer. 
The composite temperature structure provides 
further support for these relationships between the 
SOM patterns and the external forcings (Fig. 4). 
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Fig. 4. Time-averaged (lag —10 days to +10 days) composite zonal-mean tem- 
perature based on (A) SOM1 and (B) SOM3. The dots indicate statistical signif- 
icance (P < 0.05) based on a Student's t test. For SOM1, the days are chosen only 


from ENSO neutral years. Because of the negative SOM1 frequency trend, mul- 
tiplication of the SOM1 composites by —1 yields the canonical GHG-induced 
pattern of widespread stratospheric cooling and tropospheric warming. 
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The SOM1 composite, which is confined to ENSO 
neutral years (supplementary text; to isolate the 
influence of non-ENSO processes), shows that in 
the tropics and mid-latitudes there is widespread 
warming in the stratosphere and cooling in the 
troposphere. Because the decadal SOM1 frequency 
trend is negative, this spatial structure indicates 
that the long-term temperature trend associated 
with SOM1 is stratospheric cooling and tropo- 
spheric warming. This is indeed consistent with 
the canonical temperature response to an increased 
atmospheric loading of GHG. The GHG-induced 
polar stratospheric temperature changes also match 
with the findings of modeling studies (26) (supple- 
mentary text). For SOM3, there is cooling in the 
Antarctic lower stratosphere, which is consistent 
with ozone depletion. All of the above evidence 
collectively suggests that SOM1 is driven by 
GHG, whereas SOM3 is driven by ozone. 
Although a number of different theories for 
the jet shift have been proposed (27-30), the 
mechanism is still a subject of debate because it 
is difficult to tease apart the proposed causal- 
ities. The finding here that the trends are realized 
through fundamentally short time processes pro- 
vides an avenue to test the theories in the future. 
One mechanism that has received limited atten- 
tion is the impact of tropical convection on the 
poleward jet shift. Such a mechanism is appeal- 
ing because it would link two robust trends seen 
in climate models: (i) intensification of tropical 
precipitation minus evaporation (hence tropical 
convection) and (ii) a positive SAM trend (pole- 
ward jet shift). Indeed, the SOM1 zonal wind 
anomalies are established about 10 days after the 
El Nifio—like convection strengthens (figs. S4B 
and S6), and we found evidence that this connec- 
tion involves convectively excited Rossby waves. 
The remaining three SOM patterns are also asso- 


ciated with significant (P < 0.05) tropical con- 
vection anomalies reminiscent of the eastward- 
propagating convective complex in the tropics 
known as the Madden-Julian Oscillation. How- 
ever, a more detailed description of the role of 
the convection will be reported elsewhere, as doing 
so is beyond the scope of this report. 

The zonal wind evolution (fig. S6) indicates 
that from lag —5 to lag +5 days SOM1 is accom- 
panied by significant zonal wind anomalies with 
features close to being symmetric about the equa- 
tor, particularly within the tropics and subtropics. 
This quasi-hemispheric symmetry further suggests 
that tropical convection plays an important role 
for enabling GHG forcing to influence the mid- 
latitude jets. For SOM3, extratropical anomalies are 
first established by lag —15 days. The signal ex- 
tends into the tropical troposphere by the lag-0 day, 
and 5 days later it reaches the Arctic troposphere 
and stratosphere. This picture of a tropical conduit 
helps to explain the fact that the model responses to 
Antarctic ozone depletion also produce a substantial 
response in the Northern Hemisphere (/9). 

This study shows evidence that the atmo- 
spheric response to GHG and stratospheric ozone 
changes can be distinguished by applying clus- 
ter analysis to daily data. We found that the ozone 
forcing had a greater effect on the jet shift, sup- 
porting the modeling results (9, 10). Moreover, 
this method allows us to estimate the trends 
caused by each of the forcings. Given the debate 
over the uncertainly in the ozone recovery (3/), 
we make estimates of the year 2040 1000-hPa 
zonal-mean zonal wind for the following two 
limiting scenarios: the first based on the assump- 
tion that the ozone concentration will remain at 
its current value (scenario 1) and the second 
based on the assumption that the ozone will re- 
cover by 2040 (32) (scenario 2). In both scenarios, 


Table 2. Projected 1000-hPa zonal-mean zonal wind changes (relative to 1979 to 2008 climatological 
values) in the year 2040, based on two scenarios: the Antarctic ozone concentration remaining at the 
current level (scenario 1); the ozone concentration recovering to the pre-1980 value (scenario 2). In both 
scenarios, it is assumed that the rate of zonal wind change caused by the GHG increase remains at its 1979 


to 2008 value. 


Latitude (°S) Scenario 1 (m/s) 


Scenario 2 (m/s) Climatology (m/s) 


30.0 —0.13 
32.5 —0.17 
35.0 —0.21 
37.5 —0.22 
40.0 —0.20 
42.5 —0.14 
45.0 —0.06 
47.5 0.05 
50.0 0.17 
52.5 0.27 
55.0 0.37 
57.5 0.44 
60.0 0.47 
62.5 0.44 
65.0 0.33 
67.5 0.18 
70.0 0.08 


—0.04 —2.39 
0.01 —1.29 
0.07 0.13 
0.12 2.02 
0.15 3.85 
0.15 5.42 
0.14 6.68 
0.11 7.40 
0.06 7.64 

—0.01 7.42 

—0.08 6.73 

—0.15 5.65 

—0.23 4.07 

—0.27 2.20 

—0.23 0.26 

—0.15 —1.55 

—0.09 —2.31 
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we assume that the GHG-driven zonal wind trend 
will remain at its 1979 to 2008 value. As Table 2 
shows, the greatest fractional changes occur be- 
tween 60° and 67.5°S. At 65°S, close to the coast- 
line of Antarctica where the wind stress change 
can have a great impact on coastal upwelling, 
the wind speed would increase by 126% under 
scenario 1, whereas under scenario 2, the wind 
speed would decrease to almost zero. 
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Uncovering the Protein 
Translocon at the Chloroplast 
Inner Envelope Membrane 


Shingo Kikuchi,? Jocelyn Bédard,?* Minako Hirano,” Yoshino Hirabayashi,* 
Midori Imai,’+ Mai Takase,” Toru Ide,” Masato Nakai*+ 


Maya Oishi,” 


Chloroplasts require protein translocons at the outer and inner envelope membranes, termed 
TOC and TIC, respectively, to import thousands of cytoplasmically synthesized preproteins. However, 
the molecular identity of the TIC translocon remains controversial. Tic20 forms a 1-megadalton 
complex at the inner membrane and directly interacts with translocating preproteins. We purified the 
1-megadalton complex from Arabidopsis, comprising Tic20 and three other essential components, one 
of which is encoded by the enigmatic open reading frame ycf1 in the chloroplast genome. All four 
components, together with well-known TOC components, were found stoichiometrically associated with 
different translocating preproteins. When reconstituted into planar lipid bilayers, the purified complex 


formed a preprotein-sensitive channel. Thus, this complex constitutes a general TIC translocon. 


ranslocation of nuclear-encoded prepro- 
‘Tic across the double envelope mem- 

branes of chloroplasts is mediated by two 
protein translocons, the TOC and TIC complexes 
(J—5). Tic20, an integral inner membrane protein 
with four predicted transmembrane helices, has 
been proposed to form part of a general protein- 
conducting channel (6, 7). Recombinant Tic20 
has further been reported to have the capacity to 
form a channel (8). A 1-megadalton (MD) trans- 
location intermediate complex has been recently 
identified at the inner membrane, in which Tic20 
is in close contact with a translocating preprotein 
(9). Whereas Tic20 forms a stable 1-MD complex 
in the inner membrane, Tic21 interacts only weak- 
ly with the complex, and other known Tic pro- 
teins such as Tic110 and Tic40 are not involved 
in the complex (9). Thus, detailed organization of 
this 1-MD complex has remained elusive. 

Here, we generated transgenic Arabidopsis 
plants expressing a protein A-tagged Tic20-I (the 
major Tic20 isoform in Arabidopsis), and the tagged 
Tic20-I-containing complexes were purified (fig. 
S1). Three proteins with molecular masses of 214, 
100, and 56 kD were specifically copurified with 
Tic20-I, which were confirmed to form a stable 
1-MD complex together with Tic20-I (Fig. 1A). 
Subsequent mass spectrometric analysis revealed 
three previously uncharacterized Arabidopsis pro- 
tems (fig. S2A). 

Surprisingly, the 214-kD protein, AtCg01130, 
is encoded by the previously enigmatic chloro- 
plast gene ycf7 (hypothetical chloroplast open 
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reading frame 1) (/0-/2). The deduced protein, 
here renamed Tic214, is 1786 amino acids in 
length with a calculated relative molecular mass 
M, of 213,742 and is predicted to contain six 
N-terminal transmembrane domains (figs. S2B 
and §3). The 100-kD protein, AtSg22640, is a 
nuclear-encoded protein of 871 amino acids with 


BN-PAGE 


a calculated M, of 99,954 (fig. S4). This protein 
likely has no cleavable transit peptide (fig. S2A) 
and thus was named Tic100. The 56-kD protein, 
At5g01590, is also a nuclear-encoded protein of 
527 amino acids with a calculated M. of 61,625 
(fig. S5). This protein is most likely synthesized 
as a preprotein and processed to form a mature 
protein upon import (fig. S6A) and thus was 
designated Tic56. Ticl00 and Tic56 are highly 
conserved among most land plants, but show no 
remarkable overall sequence similarity to any pro- 
teins of known function and have no predicted 
transmembrane segment. 

In wild-type chloroplasts, Tic214, Tic100, 
Tic56, and Tic20-I appeared to form stable 1-MD 
TIC complexes (Fig. 1, B and C, and fig. S6, B 
and C), which were shown to associate with pre- 
proteins (fig. S7). If we assume that the stoichiom- 
etry of the components in the 1-MD complex 
is 1:1:1:1 (fig. S8), we would expect that the 
complex represents a trimeric assembly of Tic214, 
Ticl00, Tic56, and Tic20-I (1170 kD). The stoi- 
chiometry of Tic20-I:Toc75 (the channel protein 
of the TOC complex) in the envelope membranes 
was roughly estimated to be 1:2.5 (fig. S8). Tic20-I 
and Tic214 likely constitute the membrane-integral 
part of the 1-MD TIC complex; Tic20-I is entirely 
buried in the core of the complex, whereas Tic214 
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Fig. 1. The 1-MD complex is composed of Tic20-I and three other Tic proteins. (A) Tic214, Tic100, and Tich6 
were copurified with protein A-tagged Tic20-1 (PA2-Tic20-l). The purified fraction was separated by two- 
dimensional blue native (2D-BN) SDS-PAGE followed by silver staining. Tic20-I*, tobacco etch virus (TEV) 
protease—cleaved PA2-Tic20-I. (B) Wild-type Arabidopsis chloroplasts were solubilized with 1% digitonin in 
the presence of 1 M NaCl and then separated by 2D-BN SDS-PAGE followed by immunoblotting. (C) Co- 
immunoprecipitation of the 1-MD TIC complex components. (D and E) The localization and topology of the 
different TIC complex components were analyzed by alkaline (D) and protease (E) treatment. (D) Chloroplasts 
were treated with either 10 mM HEPES-KOH, pH 7.5 (hypotonic lysis), or 100 mM NazCO3 on ice for 30 min, 
followed by centrifugation to obtain supernatant (S) and membrane pellet (P) fractions. (E) Inverted inner 
envelope membrane vesicles (26) were treated with or without thermolysin (T-lysin; 100 ug/ml) and with or 
without Triton X-100 [TX-100; 0.1% (w/v)] on ice for the indicated time periods. 
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is exposed to both sides of the inner membrane 
(Fig. 1, D and E, and fig. S6D). Tic100 is asso- 
ciated peripherally in the complex at the inter- 
membrane space side, whereas Tic56 is mostly 
embedded in the complex. 

Ina search for evidence of direct involvement 
of the 1-MD TIC complex as a general protein 
translocation machinery at the inner membrane, 
we used purified model preproteins in import 
experiments in vitro to isolate translocation 
intermediate—associated proteins from Arabi- 
dopsis chloroplasts (Fig. 2 and fig. S9) (13-15). 
Almost all major isolated proteins could be as- 
signed to either the well-known TOC compo- 


nents (including Toc159, Toc75, and Toc33) or 
the 1-MD TIC complex components (including 
Tic214, Ticl100, Tic56, and Tic20-I) (Fig. 2). As- 
sociation of these TOC and TIC components with 
preproteins absolutely required adenosine tri- 
phosphate (ATP) in the import reactions that 
could drive preprotein translocation across the 
envelope membranes (fig. S9B). Tic214, Tic100, 
Tic56, and Tic20-I were purified at levels com- 
parable to those of TOC components and pre- 
proteins (Fig. 2 and fig. S9B). Two different model 
preproteins, pSTEV and pFdTEYV, resulted in es- 
sentially similar profiles of associated proteins 
(Fig. 2), which supports the direct involvement of 


the 1-MD TIC complex in protein translocation 
as a general import machinery in concert with the 
well-established TOC complex. 

By contrast, we observed hardly any specific 
association of Ticl10 or Tic40 with the translo- 
cation intermediate complexes (Fig. 2 and fig. 
S9B). This is surprising because Tic110, an abun- 
dant inner membrane protein, was initially iden- 
tified by a similar method (/5) and has long been 
considered to be a central player (5), together with 
Tic40, in preprotein translocation across the inner 
membrane (/6). The migration of Ticl110 upon 
SDS-polyacrylamide gel electrophoresis (PAGE) 
was almost the same as that of Ticl00. However, 


Fig. 2. Association of the 1-MD TIC complex compo- 
nents with two distinct model preproteins. Arabidopsis 
chloroplasts were incubated with 100 nM urea-denatured 
protein A-tagged preproteins pSTEV or pFdTEV in the 
presence of 0.5 mM ATP for 10 min at 25°C. As a control, 
incubation without preprotein (—) was also performed. 
Reisolated chloroplasts were directly solubilized with 
1% digitonin, and insoluble material was removed by 
ultracentrifugation. The resulting supernatant was incu- 
bated with immunoglobulin G—sepharose for 2 hours at 
4°C. After the beads were washed thoroughly, bound pro- 
tein complexes were eluted under nondenaturing conditions 
by TEV cleavage. The denatured samples were separated 
by 12.5% SDS-PAGE followed by silver staining (left) or 
immunoblotting (right). ENV, Arabidopsis mixed envelope 
fraction; TIC, the 1-MD TIC complex purified from PA2- 
Tic20-I plants; *1, unidentified protein currently under in- 
vestigation; *2, unknown contaminating protein; AcTEV, 
TEV protease; pFd and pS, TEV-cleaved preproteins; Tic20-I*, 
TEV-cleaved PA2-Tic20-I. 


Fig. 3. Characterization of tic100 and tic56 Arabidopsis 
knockout mutants. (A) Schematic representation of the 
genes encoding Tic100 and Tic56. Triangles, T-DNA inser- 
tions; solid boxes, exons; thin lines, introns; shaded boxes, 
untranslated regions. (B) Visible phenotypes of various 
tic and toc mutants (16, 19-22, 27) grown on sucrose- 
containing media for 3 weeks. Scale bars, 5 mm. (C) Total 
proteins were extracted from 3-week-old wild-type Arabi- 
dopsis and from homozygous albino tic100-1, tic56-1, and 
tic20-I mutants; 24 ug of total protein was subjected to 
SDS-PAGE and immunoblotting. Hsp93 and Hsp70, 
stromal molecular chaperones; LHCP, light-harvesting 
chlorophyll-binding protein; OE33, 33-kD protein of the 
oxygen-evolving complex of photosystem II. (D) Double 
and single knockouts were identified in the progeny derived 
from a +/tic20-I +/tic100-1 heterozygous plant (left) and 
from a +/tic20-I +/tic56-1 heterozygous plant (right). Scale 
bars, 1 cm. 
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they are completely different proteins, and Tic110 
exists as a very distinct 200- to 300-kD entity in 
the inner membrane (Fig. 1B) (9) most probably 
without any stably associated proteins (fig. S10). 
Physical interaction between Ticl10 and any com- 
ponent of the 1-MD TIC complex was hardly 
observed even after chemical cross-linking (Fig. 
1C and fig. S11). Thus, although Ticl110 might 
act as a scaffold for stromal molecular chaperones 
at a later stage during import (/7, /8), direct par- 
ticipation of these Tic proteins in preprotein 
translocation is unclear. 

The null mutant of Arabidopsis TIC20-I dis- 
plays developmental defects during embryo- 
genesis and results in an albino, seedling-lethal 
phenotype due to a strong defect in protein im- 
port into chloroplasts (19-27). Null mutants of 
TIC100 (22) and TIC56 showed very similar 


A + 40 mV 


ies teaddeeantaaeneeel 
c Cc 
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phenotypes (Fig. 3, A and B, and figs. S12 and 
S13). Absence of either Ticl100 or Tic56 led to 
marked reductions of the remaining 1-MD TIC 
complex components, indicating that they are im- 
portant for assembly of the complex (Fig. 3C and 
fig. S12E). Furthermore, chloroplasts isolated from 
a viable tic56-3 pale green mutant had a notable 
protein import defect (figs. S14 and S15). 

Like the tic20-J mutant (20), no photosyn- 
thetic proteins accumulated in the albino seed- 
lings of the tic100-1 and tic56- mutants, although 
some housekeeping proteins did accumulate (Fig. 
3C). This residual import ability in the tic20-I 
mutant can be attributed to partial compensa- 
tion by the elevated expression of the minor, 
partially redundant homolog Tic20-IV (Fig. 3C) 
(20), because a tic20-I tic20-IV double-knockout 
mutant exhibits more severe embryo lethality 
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Fig. 4. Reconstituted 1-MD TIC complexes form preprotein-sensitive channels in planar bilayer mem- 
branes. (A) Representative current fluctuations in reconstituted 1-MD TIC complexes at different mem- 
brane voltages. Solid line labeled C indicates zero current. The distance between dashed lines corresponds 
to a unitary step. (B) The single-channel current-voltage (/-V) relationship. Data are means + SD (NV = 8 to 
19). (C) Representative current recordings in the absence (control) and presence of 0.1 uM pS-protA in the 
intermembrane space side at the indicated membrane voltage. (D) Representative current recordings in 
the absence (control) and presence of 1 uM mS-protA in the intermembrane space side at the indicated 


membrane voltage. 
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(20, 21). The tic20-I tic56-1 and tic20-I tic100-1 
double-knockout mutants showed phenotypes 
similar to those of the single-knockout mutants, 
tic20-I, tic56-1, or ticl00-1, indicating that nei- 
ther Tic56 nor Ticl100 contributes to the com- 
pensation provided by Tic20-IV (Fig. 3D and 
fig. S12). By contrast, neither a tic20-IV tic56-1 
nor a tic20-IV ticl00-1 double-knockout mutant 
could be identified, which suggests that such 
double-knockout mutants are also embryo-lethal. 
Hence, there seems to be a residual import path- 
way for some housekeeping proteins in which 
Tic20-IV but neither Tic20-I, Tic56, nor Ticl00 
is involved (Fig. 3C), and impairment of both 
pathways causes embryo lethality (20). 

The chloroplast gene initially called ycf7 was 
reported to be an essential gene in tobacco (//) 
and in Chlamydomonas (12). Thus, one can an- 
ticipate that Tic214 is an essential Arabidopsis 
protein. Overall, like Tic20-I, both Ticl00 and 
Tic56 (and most likely Tic214) are indispensable 
components of the 1-MD TIC complex required 
for photosynthetic protein import, and are there- 
fore essential for plant viability. 

When reconstituted into planar lipid bilayers, 
the purified 1-MD TIC complexes showed ion 
channel activity (Fig. 4 and fig. S16). In most 
cases, three identical channels appeared to be 
simultaneously incorporated into the bilayer as a 
unit (fig. S16C). This also suggests a trimeric as- 
sembly of Tic214, Ticl00, Tic56, and Tic20-I to 
form the 1-MD complex. The single-channel 
current-voltage (/-V) curve (Fig. 4B) indicates 
weak rectification, because current was slightly 
larger at negative voltages than at positive volt- 
ages. The average slope conductance at 0 mV was 
266 + 18 pS (V= 10), a value comparable to those 
obtained with other protein translocons (23-25). 
Channel gating had a weak dependence on the 
membrane voltage, as spike-like short closures were 
frequently observed at negative high voltages (Fig. 
4A). Because they always showed rectifying and 
voltage-dependent gating properties, we concluded 
that TIC channels incorporated into planar bilayers 
had the same orientation (fig. S16B). 

In the presence of 0.1 uM preprotein (pS- 
protA) in the physiological intermembrane space 
side of the membrane (fig. S16B), TIC channels 
were blocked at positive voltage but open at neg- 
ative voltage (Fig. 4C). At high positive voltages, 
the open probability decreased with an increase in 
preprotein concentration (fig. S16D). In contrast, 
TIC currents were only slightly affected, even by a 
high concentration (1 uM) of mature protein (mS- 
protA) lacking a transit peptide (Fig. 4D and fig. 
S16D). When preproteins were added to the oppo- 
site (stromal) side of the membrane, TIC channels 
were not blocked either at positive or negative 
voltage (fig. S16E). Thus, the TIC complex forms 
membrane channels, where preproteins specifi- 
cally interact with and plug the channel pore. 

Although homologs of Tic20 have been iden- 
tified in cyanobacteria and are well conserved 
among virtually all plastid-containing lineages 
(21), phylogenetic analysis (fig. S17) revealed 
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no direct homologs for Tic214, Tic100, or Tic56 
in extant cyanobacteria, Glaucophyta, or Rho- 
dophyta, indicating that this TIC transport system 
evolved largely after the initial endosymbiotic event. 
Thus, the chloroplast inner membrane protein trans- 
locon that we describe here has changed markedly 
during evolution through modifications of both 
nuclear and chloroplast genomes. 
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Emergent Sensing of Complex 
Environments by Mobile 


Animal Groups 


Andrew Berdahl,**t Colin J. Torney,’* Christos C. loannou,”” Jolyon J. Faria,* lain D. Couzin*t 


The capacity for groups to exhibit collective intelligence is an often-cited advantage of group 
living. Previous studies have shown that social organisms frequently benefit from pooling imperfect 
individual estimates. However, in principle, collective intelligence may also emerge from 
interactions between individuals, rather than from the enhancement of personal estimates. Here, 
we reveal that this emergent problem solving is the predominant mechanism by which a 

mobile animal group responds to complex environmental gradients. Robust collective sensing 
arises at the group level from individuals modulating their speed in response to local, scalar, 
measurements of light and through social interaction with others. This distributed sensing requires 
only rudimentary cognition and thus could be widespread across biological taxa, in addition to 
being appropriate and cost-effective for robotic agents. 


esearch on collective intelligence has 
R demonstrated how organisms, including 

humans, can improve decision-making 
accuracy by appropriately pooling individual 
estimates (/—8). In the earliest study, in 1907, 
Sir Francis Galton made a near-perfect estimate 
of the weight of an ox by using 787 guesses made 
by others (9). Pooling of information is not exclu- 
sive to the human domain; for example, it has also 
been suggested that aggregating imperfect esti- 
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mates may help organisms, or cells, navigate weak 
or noisy environmental gradients (2—5). If each 
individual makes an error-prone estimate of the 
local gradient, it may benefit by also basing its 
movement decisions on the direction of motion of 
others, termed the “many wrongs” hypothesis (3). 

Despite the importance of collective sensing 
to the ecology of many social species (/0, 11) 
and the value to bio-inspired technological ap- 
plications [such as particle swarm optimization 
(12), or swarm robotics (/3)], with the excep- 
tion of the social insects (8), we do not know how 
grouping enhances sensing capabilities in animal 
groups. Here, we use an integrated experimental 
and theoretical approach to address this deficit. We 
use schooling fish (golden shiners, Notemigonus 
crysoleucas) as our model experimental system 
and take advantage of their natural preference 
for a shaded (darker) habitat (/4). Thus, our ex- 


periments do not require training and are not 
susceptible to confounding factors relating to 
competition for, or consumption of, a preferred 
resource. Shiners school naturally in shallow 
water (/5) and remain highly cohesive (/4), which 
allowed us to explore the role of group size during 
a gradient detection task. 

Our experiments were conducted with juve- 
nile fish (body length 4.9 + 0.5 cm) in a shallow 
tank (213 cm by 122 cm, 8-cm water depth). Dy- 
namic light fields were projected onto the tank. 
These fields consisted of a circular patch that was 
darkest at its center and transitioned smoothly 
(as an exponential) to the brightest light levels. 
Noise was added to this gradient to generate local 
variability in space and time. Furthermore, the cir- 
cular patch itself moved at a constant speed be- 
tween a series of randomly selected locations within 
the tank. See (/6) for further details. The task for 
the fish was to track the preferred, darker regions 
of this dynamic environment. 

We investigated the performance of single fish 
and groups of 2, 4, 8, 16, 32, 64, 128, and 256 
individuals. Three levels of environmental noise 
were employed. For the lowest value, the light field 
was dominated by the simple circular patch; for 
the highest level of noise, the field largely consisted 
of ephemeral, local peaks. Measured light levels at 
the surface of the tank ranged from 4.2 lux (ap- 
proximately twilight) to 150 lux (overcast day), 
corresponding to their natural environment in the 
moming or evening. We stress, however, that light 
is used as a proxy for any important environmental 
cue (such as temperature or salinity), with the cir- 
cular patch representing large-scale features and 
the noise recreating fine-scale structure. 

Because golden shiners are highly cryptic when 
in dark regions, the tank was lit with infrared light. 
The level of the projected light field, with respect 
to their positions, was then used to calculate a 
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Fig. 1. (A) The positions of a group of 
32 fish as they negotiate the light field, 
superimposed on that field. Medium 
noise level (0.25) is shown. Note that 
the frame only includes a small region 
of the larger tank. The snapshots are 2 s 
apart, with time increasing to the right. 
(B) Performance, ‘¥, as a function of 
group size. The data points show the 
mean ‘¥ over experimental trials, and 
the error bars show twice the standard 
error. The solid blue line is the statistical 
model's fit to the data, and the shaded 
region is its 95% confidence interval. 
The red line is the equivalent perform- 


Gradient tracking performance 


REPO 


32 64 128 256 


16 
Group size 


ance measure for a numerical schooling model that incorporates a simple speed-differential algorithm. The quantitative values of this curve are dependent on 
model parameters, but the qualitative trend is independent of implementation details (16). 
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Fig. 2. (A) Average speed as a function of local 
light level (solid blue curve; 0 is darker, 1 is 
brighter). Speeds are control-adjusted to ac- 
count for spatial effects induced by tank walls. 
The dashed red line is the median slope of the 
speed-light relation when calculated at single 
points in time across the group, averaged over 
group sizes 16 to 128 (slopes at instantaneous 
time could not be calculated reliably for group 
sizes of eight and below). (B) Individual response 
to social and environmental cues as a function of 
the magnitude of the social vector, IS|. Solid and 
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dashed lines show the correlation between the direction of acceleration and the direction of the social 
vector and environmental vector, respectively. (C) Individual response to social and environmental cues as 
a function of the magnitude of the environmental vector, IG|. Legend as (B). Gray diamonds show solitary 
fish and demonstrate that the response to the environmental vector is approximately the same for 
individuals and those in groups. All shaded regions and error bars denote twice the standard error, data in 
(A) is down-sampled to remove any spatial correlations in speed and light level. See (16) for details and 


group sizes shown separately. 


performance metric, ‘¥: the time-averaged dark- 
ness level at the locations of the fish. This was 
normalized by a null performance value such 
that ‘¥ = | in the absence of an environmental 
response. The value of ‘¥ increases above unity 
as performance increases, up to a theoretical max- 
imum of 'P,,ax = 3.2 + 0.5 (6). 

The level of performance, ‘Y, increased greatly 
as a function of group size (Fig. 1B). The value of 
Y was marginally above | for the smallest group 
sizes and for single fish; thus, fish always sought 
darker regions, regardless of group size. However, 
larger groups were significantly more effective at 
doing so [y7, = 67, P= 3.3 x 10 '°, linear mixed 


www.sciencemag.org SCIENCE VOL 339 


model (LMM)]. Results were not dependent on 
the level of noise in the projected light field (noise 
main effect: y°; = 0.016, P = 0.97, noise x group 
size: y°; = 0, P= 1, LMM). The strategy is there- 
fore robust, as it is unaffected by the structure and 
complexity of the light field. 

In order to investigate the mechanism under- 
lying the observed collective response to light 
gradients, fish were tracked individually to obtain 
trajectories (/6). For all group sizes, we found a 
strong positive relation between individual speed 
and the light level at the location of that fish; fish 
tended to travel more slowly in dark regions and 
more quickly in light regions, as shown in Fig. 2A. 


Using the accelerations of each fish, we as- 
sessed the degree to which the motion of indi- 
viduals may be explained by environmental and 
social influences. On the basis of attraction to 
conspecifics, we estimated a social vector, S,, for 
each individual, 7, by taking into account the 
positions of neighbors within a fixed distance. 
We used seven body lengths, or 34.3 cm, for this 
distance; however, results are not dependent on 
the specific range (/6). In addition, we measured 
the environmental vector, G,, for each fish, which 
points in the direction of steepest ascent in the 
darkness level with a magnitude proportional to 
the rate of increase (the gradient of the light field 
measured from the perspective of the focal fish). 
We then measured the actual response of individ- 
ual fish to these potential cues (S; and G,) as the 
correlation between the direction of these influences 
and the direction of their acceleration (/6). 

The relation between the predicted influence 
(x axis) and the observed response (y axis) to S; 
and G;,, respectively, is shown in Fig. 2, B and C. 
Acceleration was much more strongly influenced 
by the location of conspecifics than by environ- 
mental gradients (Fig. 2, B and C). When the 
magnitude of the social vector was high (near- 
neighbors were located in a consistent direction 
from the focal individual), the social influence 
was entirely dominant (Fig. 2B). Groups and sol- 
itary fish responded similarly to gradients (Fig. 
2C). The slight dip in the response of groups to 
very high gradients can be attributed to the fact 
that such steep changes in light level are con- 
tributed predominantly by local, ephemeral noise 
(fig. S17), not by the longer-range feature to be 
tracked. 

Although there is an interdependence be- 
tween social and environmental effects, because 
of the increased likelihood of a fish being located 
in darker regions, these results show that the lo- 
cation of near-neighbors is a far better predictor 
of an individual’s motion than the direction of the 
nearest dark region. Thus, when making move- 
ment decisions, fish more strongly respond to so- 
cial cues than they do to the environment. 

We isolate two complementary processes that 
result in effective gradient tracking by larger groups. 
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To illustrate the first mechanism, consider a sce- 
nario where a polarized group is travelling per- 
pendicular to a gradient in light level. Individuals 
within the group, if located on the brighter side of 
the environment, will travel more quickly. This, 
in conjunction with interindividual attraction, in- 
duces rotation and turning toward the darker re- 
gion. We find that, for a single instance in time, 
variation in speed among fish within a group 
corresponds to the variation in light level at their 
locations (Fig. 2A, dashed line). This speed dif- 
ferential across a group causes turning toward those 
who move more slowly (fig. S10). Second, as in- 
dividuals slow down, the distance between them is 
reduced (see fig. S14), which increases the local 
density of animals in darker regions. Social in- 
fluence results in acceleration tending to be in 
this direction (Fig. 2B). 

To demonstrate the generic nature of these 
results, we performed simulations of grouping 
individuals (17, 78) that moderate their speed 
according to their local light level. Simulated in- 
dividuals move within the same light fields that 
were presented to the real fish, yet lack any ex- 
plicit gradient detection capacity. As in the ex- 
periments, greater group-level responsiveness to 
the environment arises spontaneously as group 
size increases (Fig. 1B). Further, we show that, 
although increased group numbers reduce mea- 
surement error, the key determinant of perform- 
ance is the spatial extent of the group in relation 
to the length scale of the environment; groups 
that span a larger area are more likely to capture 
the variation in cue required to elicit a speed 
differential across the group (/6). 

Motion toward darker regions (taxis), there- 
fore, results from social interactions among in- 
dividuals, each of whom exhibits a rudimentary, 
nondirectional response to their environment 
(kinesis). Thus, the collective dynamics create a 


group-level responsiveness to the environment that 
is absent at the individual level (/9). The result- 
ing increase in gradient-tracking ability for larger 
groups agrees with previous hypotheses (20, 2/) 
and could explain empirical studies showing that 
grouping facilitates the detection of chemical cues 
(22-24) and improves the accuracy of migrations 
that rely on such cues (25, 26). 

The simple algorithm revealed here may allow 
groups to respond to environmental gradients that 
occur over long length scales, for instance during 
the seasonal migration of fish tracking a single 
isotherm (27). If the mechanism we observed here 
is found to be widespread, as would be suggested 
by its robust nature and ease of implementation (in 
evolutionary terms), there are important ramifica- 
tions for ecosystem conservation and manage- 
ment. Our results demonstrate that the ability to 
respond to environmental information may decline 
as populations are fragmented and average group 
sizes decrease. 
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The Bacteriophage [7 Virion 
Undergoes Extensive Structural 
Remodeling During Infection 


Bo Hu,? William Margolin,” lan J. Molineux,?* Jun Liu?* 


Adsorption and genome ejection are fundamental to the bacteriophage life cycle, yet their 
molecular mechanisms are not well understood. We used cryo—electron tomography to capture 
T7 virions at successive stages of infection of Escherichia coli minicells at ~4-nm resolution. 
The six phage tail fibers were folded against the capsid, extending and orienting symmetrically 
only after productive adsorption to the host cell surface. Receptor binding by the tail triggered 
conformational changes resulting in the insertion of an extended tail, which functions as the 
DNA ejection conduit into the cell cytoplasm. After ejection, the extended phage tail collapsed or 
disassembled, which allowed resealing of the infected cell membrane. These structural 

studies provide a detailed series of intermediates during phage infection. 


fter encountering a cell, a bacteriophage 
delivers its genetic material into the host 
cytoplasm via an orchestrated series of 


conformational changes (/). T7 is a member of 


the Podoviridae, having short, noncontractile 
tails that are too short to span a bacterial cell en- 


velope (2). The icosahedral 2-nm-thick T7 capsid 
is 60 to 61 nm in diameter, and inside, coaxial to 
the dodecameric head-tail connector, is a 26- by 
21-nm internal core, which is thought to consist 
of three proteins: gp14, gp15, and gp16 (2, 3). The 
core is essential for both virion morphogenesis 
and ejection of the 40-kb genome. Near the head- 
proximal end of the 23-nm tail are six fibers, tri- 
mers of gp17. Each fiber has an N-terminal domain 
that attaches the fiber to the tail, followed by 
proximal and distal half-fibers. The latter inter- 
act with the cell surface (4, 5). After adsorption, 
the core proteins are ejected through the portal-tail 
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complex into the infected cell, and it has been 
hypothesized that they extend the tail, creating 
a trans-envelope channel used for DNA transport 
(6-8). Here, we used cryo—electron tomography 
(cryo-ET) to provide three-dimensional (3D) 
structures of infected cell complexes in near- 
native, frozen-hydrated states at ~4-nm resolu- 
tion (fig. S1). 

We infected small (<0.3 um in diameter) 
Escherichia coli minicells (9) to achieve maximum 
resolution. The T7-infected minicells produced 
infective centers at normal efficiencies, and 
the parent skinny cells were good hosts for the 
phage, which suggested that our structures re- 
flected the normal infection pathway (/0). 
The 3D reconstructions revealed adsorbed vi- 
rions at three stages of infection (Fig. 1 and 
movie S1) and supported the hypothesis (6-8) 
that T7 internal core proteins form a trans- 
envelope channel (Fig. 1, B and E). Dual-axis 
tomography confirmed the presence of various 
conformations (movie $2). In order to obtain 
better structural details, we used subvolume av- 
eraging to determine the 3D structures during 
infection (/0). 

Asymmetric reconstructions of a fiberless 
gene /7 mutant (Fig. 2, A and D) and wild-type 
(Fig. 2, B and E) virions were derived from 
1945 and 6116 subvolumes, respectively. The 
overall structure of wild-type T7 (Fig. 2B) is sim- 
ilar to that reported (3), but our tomographic 
reconstruction resolved the tail fibers (Fig. 2, 
B, C, E, and F). Placing a known structure of 
part of the distal half-fiber (5) into the cryo-ET 
density revealed a good fit (Fig. 2F). Each fiber 


was folded back onto the capsid with the proxi- 
mal half-fiber rising across the face of a capso- 
mer. The ~90° kink between proximal and distal 
half-fibers was visible in 3D surface renderings 
(Fig. 2, E and F). Fibers retained a conforma- 
tion similar to that of isolated tail complexes 
(fig. S2) (4). 

The T7 tail exhibited 6-fold symmetry, but 
the distal half-fibers were bound to the capsid, 
which is 5-fold symmetrical at the connector. 
To better understand the symmetry mismatch 
and the fiber-capsid interactions, we classified 
each fiber independently by correspondence 
analysis (figs. S3 and S4). Class I fibers exhib- 
ited only a short fragment corresponding to the 
N-terminal domain that is bound to the tail (4), 
which indicated that neither half-fiber was bound 
to the capsid. Proximal and distal half-fibers 
were visible in class II and were subdivided into 
subclasses by their different orientations on 
the capsid (Fig. 2, H and J). Projecting all distal 
half-fiber conformations onto the same sur- 
face showed that there is no specific binding 
site (fig. S4). 

Phage tail fibers are normally depicted ex- 
tending away from the capsid, poised for ad- 
sorption. However, we found that ~50% of 
mature T7 virions had five fibers bound to the 
capsid and ~30% had four; very few had no 
bound fibers (Fig. 2J). Most published elec- 
tron microscopy (EM) images of T7 do not 
resolve fibers; they were visible in a tomogram 
of negatively stained T7 particles only as short 
projections from the capsid (fig. $2). More than 
95% of the wild-type T7 prepared for this study 


Fig. 1. Three stages of T7 infection. (A and D) T7 adsorbed to the outer membrane. The density spanning 
the cell envelope at 270° in (A) was derived from fiducial gold markers (shown explicitly in movie $1 
as a series of slices across the cell in (A). (B and E) An extended tail (arrow) spanned the cell envelope. 
(C and F) After DNA ejection, the extended tail was not apparent. 
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made infective centers in exponentially growing 
cells within 2 to 3 min, which suggested that ex- 
tended fibers were not required for rapid adsorp- 
tion (0). Proximal half-fibers of the T7-related 
phage P-SSP7 also appear bound in mature vi- 
rions but are extended in spontaneously emptied 
free particles (77). Furthermore, cryo-EM recon- 
structions of T4 virions show fibers wrapped 
around the tail sheath, not pointing away from 
the capsid (/2). Maintaining tail fibers on the 
body of free virions may thus be typical of many 
phages. 

Adsorbed T7 virions were generally oriented 
perpendicular to the cell surface with the tail 
slightly indenting the outer membrane (Fig. 3, 
A and B; fig. S5; and movie S3), similar to ad- 
sorbed phage P-SSP7 (//). Proximal half-fibers 
extended horizontally, whereas distal half-fibers 
were vertical; bound fibers exhibited the same 
6-fold symmetry as the tail, covering ~3000 nm? 
of the cell surface. During adsorption, fibers un- 
derwent a large rotation, which was probably 
due to the N-terminal domain pivoting on its 
connection to the tail (fig. S6). Two-thirds (3352) 
of adsorbed phages analyzed were captured at 
this intermediate stage, with the internal core 
remaining intact within the capsid, which sug- 
gests that recognition of the cell surface by all 
six fibers is insufficient to trigger later steps of 
infection. 

About one-third (1886) of adsorbed parti- 
cles displayed a tubelike extension of the tail 
that penetrated both cell membranes (Fig. 3, C 
and D; figs. S5 and S7; and movie S3). A func- 
tional extension of the T7 tail is essential for 
genome delivery into the host (2). The energy 
required for this dramatic change in structure 
must be stored in the virion, because cellular 
energy sources will not yet be accessible. The 
interaction between the tail and the outer mem- 
brane also changed, which presumably reflects 
the conformational changes that signal ejec- 
tion of the internal core, which was no longer 
visible (Fig. 3, A and C). However, the head still 
appeared full, which suggested that the encap- 
sidated DNA had expanded to occupy the vol- 
ume originally occupied by the core. 

The extended tail is probably composed of 
ejected core proteins, which have been found 
in the infected cell envelope (7, 8). Gp14 lo- 
calizes to the infected cell outer membrane, 
whereas gp15 and gp16 span the periplasm and 
cytoplasmic membrane. Various mutant gp16- 
containing virions change the kinetics of genome 
ejection or prevent DNA from entering the cy- 
toplasm; the latter defect can be suppressed by 
virions also harboring a mutant gp15 (8, 13-16). 
After infection by /6£37F mutant virions, which 
are defective in cell wall hydrolysis and which 
exhibit delayed DNA entry into the cytoplasm 
(14, 17), the extended tail took ~20 times as 
long to form (fig. S8). The estimated volume of 
the internal core (3) is sufficient to form the en- 
tire extension. The overall tail extension was 
~45 nm, and the tube had an outer diameter of 
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Fig. 2. Asymmetric reconstructions of virions. (A) 
A central slice of a fiberless virion revealed the tail, 
capsid, and internal core. Fibers were visible in a 
central slice (B) and a cross section of wild-type 
virions (C). Surface rendering of fiberless (D) and 
wild-type virions in side (E) and bottom (F) views. A 
crystal structure of the receptor-binding domain of 
T7 fibers (5) was placed into three fiber densities. 
Residues A518, D520, and V544, known to affect 
phage host range (5), are highlighted in red (F). 
Classification revealed different conformations of 
fibers not bound (G) or bound to the capsid (H and 
1). (J) Distribution of the number of bound fibers on 
free virions; few had either six or zero fibers bound. 


capsid capsid Cc 


fiber 
|capsid 


A 
fiber 


Number of fibers not bound to the capsid 


Fig. 3. Adsorption structures. (A) Central slice and (B) 3D surface view of a 
subvolume average derived from 3352 virions. All six fibers were bound to 
the cell, and the tail made a small indentation in the outer membrane 
(OM); the internal core and DNA were still in the capsid. (C) Central slice 


and (D) 3D surface view of a subvolume average derived from 1886 virions. 
The internal core had been ejected from the virion, forming an extended tail 
that penetrated the cell cytoplasm. PG, peptidoglycan cell wall; IM, inner 
membrane. 
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Fig. 4. Schematic model of T7 
infection. The insert tomograms 
show the different orientations 
of tail fibers. Fibers bound to the 
cell are highlighted with yellow 
arrows, unbound fibers with green 
arrows. After “walking” across 
the cell surface to find the re- 
ceptor for the tail, all fibers ro- 
tate downward to contact the 
outer membrane. Commitment 
to infection occurs after internal 
core proteins are ejected from 
the virion and the extended tail 
(red arrow) forms. 


External 


Periplasm 


Cytoplasm 


>8 nm, sufficient to accommodate double- 
stranded DNA in its lumen. As the tube ap- 
proached the cytoplasmic membrane, density 
broadened (Fig. 3, C and D), probably because 
the extended tail was flexible (movie S4). Den- 
sity associated with the tube was less distinct 
inside the cytoplasm, but ~12 nm below the 
center of the membrane a ~30 by 6 nm toroid 
with a ~4-nm central cavity was clearly present 
(fig. S9 and movie S4). The toroid may be part 
of the molecular motor that has been hypoth- 
esized to pull the leading genome end into the 
cell (6, 8, 16). 

About 3% (162) of adsorbed phages had 
completely ejected their genome. Virion struc- 
ture at this stage of infection was thus deter- 
mined only at relatively low resolution (fig. 
S10 and movie $3). The cytoplasmic toroid was 
not visible, and the tube traversing the peri- 
plasm had collapsed or disassembled, which 
presumably prevented dissipation of the mem- 
brane potential, which would inhibit phage de- 
velopment. We tested whether an energized 
membrane was required for channel forma- 
tion by treating minicells with carbonyl cyanide 
m-chlorophenyl hydrazone (CCCP) before in- 
fection. Of the 244 virions observed, 14% did 
not adsorb, 55% adsorbed without tail exten- 
sion, 31% formed a trans-envelope structure, 
but none ejected their genome (fig. S11). An 
energized membrane was thus not necessary 
for adsorption or ejection of internal proteins, 
but, as expected (6, 18), it is essential for ge- 
nome translocation. 

The combination of technical advances in 
cryo-ET and a reduction in E. coli cell size has 
allowed us to describe detailed features of the 
mature T7 virion and structural changes dur- 
ing infection. Tail fibers, usually depicted ex- 
tending away from the virion, were mostly bound 
to the capsid. Our data suggest a dynamic equi- 
librium between bound and unbound states. 
Maintaining fibers in a folded-back configu- 
ration would allow a higher rate of virion dif- 
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fusion, whereas transient extension could still 
permit the phage to explore a large volume in 
search of a cell. Binding of fibers to bacterial 
receptors is weak, but transient binding could 
reduce the dimensional space for finding a suit- 
able site for infection from three to two (/9). 
Weak binding could potentially achieve the nec- 
essary specificity of adsorption by cooperative 
binding among fibers or by a second compo- 
nent, ie., the tail, binding with high specificity 
(2, 7, 20). We propose that the transition to a 
stably adsorbed state occurs following a ran- 
dom walk after an initial interaction between 
a fiber and the cell; e.g., bound fiber no. | is 
directly replaced by binding of fiber no. 2 with- 
out virion release (Fig. 4 and movie S5). Al- 
ternatively, in a quasi-2D diffusion process, fiber 
no. | may dissociate, followed rapidly by fiber 
no. 2 detaching from the capsid and binding to 
the cell. Note that the common lab strain of 
phage A, which lacks side tail fibers, has been 
suggested to move across the cell surface in a 
quasi-1D process (2/). At a preferred site of 
infection, the tail interacts specifically with its 
receptor, which prevents further lateral move- 
ment and allows all fibers to bind. The fibers of 
phage T7 may thus function primarily to facil- 
itate interaction of the tail with its specific re- 
ceptor. After stable adsorption, infection is 
triggered by ejection of the internal core pro- 
teins into the cell envelope and the formation of 
an extended tail, which may protect the entering 
genome from periplasmic nucleases. 
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Circulating Breast Tumor Cells 
Exhibit Dynamic Changes in Epithelial 
and Mesenchymal Composition 
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Epithelial-mesenchymal transition (EMT) of adherent epithelial cells to a migratory mesenchymal 
state has been implicated in tumor metastasis in preclinical models. To investigate its role in 
human cancer, we characterized EMT in circulating tumor cells (CTCs) from breast cancer patients. 
Rare primary tumor cells simultaneously expressed mesenchymal and epithelial markers, but 
mesenchymal cells were highly enriched in CTCs. Serial CTC monitoring in 11 patients suggested an 
association of mesenchymal CTCs with disease progression. In an index patient, reversible shifts 
between these cell fates accompanied each cycle of response to therapy and disease progression. 
Mesenchymal CTCs occurred as both single cells and multicellular clusters, expressing known EMT 
regulators, including transforming growth factor (TGF)—B pathway components and the FOXC1 
transcription factor. These data support a role for EMT in the blood-borne dissemination of 
human breast cancer. 


ost cancer-related deaths are caused by 
Mews the dissemination of cancer 
cells from the primary tumor through 
the blood to new organ sites (/). Aberrant acti- 
vation of epithelial-mesenchymal transition (EMT) 
has been implicated in this process, based on 


studies with human cancer cell lines and mouse 
models (2, 3). Immunohistochemical approaches 
to identify EMT in tumors is complicated by the 
presence of reactive mesenchymal stromal cells 
(4, 5), and analysis of circulating tumor cells (CTCs) 
has been hampered by reliance on epithelial markers 
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Fig. 1. RNA-ISH analysis of EMT markers in human breast tumors. Representa- 
tive RNA-ISH analysis of pooled epithelial (E) (red dots, arrowheads) and 


oO 


mesenchymal (M) (dark blue dots, arrows) markers in (A) primary tumor and go ere 


(B) tumor-infiltrated lymph node of a patient with ductal ER*/PR* type breast 


to separate cancer cells from surrounding hema- 
topoietic cells of mesenchymal origin (6, 7). To 
address these technical challenges, we optimized 
microfluidic capture of CTCs with epithelial- and 
tumor-specific antibodies, and we then used this 
technology to analyze EMT in CTCs from breast 
cancer patients. 

We established a quantifiable, dual-colorimetric 
RNA-in situ hybridization (ISH) assay to exam- 
ine tumor cells for expression of seven pooled 
epithelial (E) transcripts [keratins (KRT) 5, 7, 8, 
18, and 19; EpCAM (epithelial cell adhesion 
molecule); and CDH1 (cadherin 1)] and three 
mesenchymal (M) transcripts [FN1 (fibronectin 
1), CDH2 (cadherin 2), and SERPINE1/PAIIL 
(serpin peptidase inhibitor, clade E)]. These probes 
were validated in cell lines to confirm differen- 
tial expression in epithelial versus mesenchymal 
cancer cells and the absence of expression in 
blood cells that contaminate CTC preparations 
(table S1 and fig. S1A). After validating the 
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cancer. (C) RNA-ISH analysis of HER2 (red dots, arrowheads) and M (dark blue dots, arrows) expression in a HER2* primary breast tumor. (D) Quantitation of 
E and M dual-positive tumor cells (percentage of total tumor cells) in a TMA consisting of premalignant DCIS (NV = 7 cases) and ER*/PR* (N = 20 cases), HER2* 
(N = 9 cases), and TN (N = 16 cases) breast cancers. A representative image from a TN case is shown on the right. E, red dots; M, dark blue dots; nuclei are 


stained with hematoxylin, light blue. Scale bars: (A) to (D), 20 um; inserts, 10 um. 
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E/M RNA-ISH analysis in mouse xenografts of 
epithelial or mesenchymal breast cancer cells 
(fig. S1B), we applied the assays to primary hu- 
man breast cancer specimens. 

Among the majority of E* cancer cells, and 
distinct from the M* stromal cells, we detected a 
small number of biphenotypic E*/M’ cells with 
clear epithelial histology, both in primary tumors 
and in draining lymph nodes (Fig. 1, A and B). 
Dual-RNA-ISH staining for M markers and a 
tumor-specific marker (HER2) confirmed the 
identity of such mesenchymal cells as tumor- 
derived (Fig. 1C). We scored tissue microarrays 
(TMAs) containing multiple primary breast can- 
cers of various histological subtypes for the num- 
ber of dual E"/M' cells. Using this assay, we found 
that benign breast tissue (V = 6 cases) and tu- 
mor cells in pre-invasive ductal carcinoma in situ 


Fig. 2. RNA-ISH analysis of EMT markers in CTCs 
from patients with metastatic breast cancer. (A) 
Representative images of five types of CTCs iso- 
lated from patients with metastatic breast cancer, 
based on RNA-ISH staining of E (green dots) and M 
(red dots) markers. Scale bar, 5 um (B) Quantita- 
tion of EMT features in CTCs based on E and M 
RNA-ISH staining of histological subtypes of breast 
cancer [lobular, ductal, and U (unknown)], along 
with molecular classification (ER/PR, HER2, TN). 
CTC numbers per 3 ml of blood based on RNA (E*M) 
or protein (CK) staining are listed below. (C) Frac- 
tionation of CTCs according to E/M ratios in five 
patients who were clinically responding to treat- 
ment (top) and five patients who had progressive 
disease on treatment (bottom). The subtype of breast 
cancer, each patient's treatment regimen, and the 
number of days on treatment are shown. The drugs 
used to inhibit the signaling pathways shown on the 
figure are as follows: MET + VEGF (vascular endothe- 
lial growth factor), cabozantinib; Al (aromatase inhib- 
itor), letrozole; PI3K (phosphatidylinositol 3-kinase), 
BKM120, INK1117, and BYL719; PI3K/mTOR (mam- 
malian target of rapamycin), SAR245409; MEK (MAP 
kinase kinase), MSC193639B; EGFR/HER3 (human 
epidermal growth factor receptor 3), MEHD7945A. 
The chemotherapeutic drugs used were cisplatin, 
taxol, and adriamycin. Tumor genotypes are given 
in table $2. 
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(DCIS) lesions (NV = 7 cases) were exclusively 
epithelial, whereas reactive stromal cells were 
exclusively mesenchymal. In contrast, we found 
that all three major histological subtypes of in- 
vasive breast cancer contained rare tumor cells 
with epithelial morphology that stained with both 
E and M markers: ER/PR* subtype (mean = 3.3%, 
range 0 to 10%, N = 20 cases); HER2" subtype 
(mean = 2.7%, range 0 to 10%, N = 9 cases); and 
the triple negative (TN) (ER /PR /HER2 ) sub- 
type (mean = 12.1%, range 0 to 45%, N = 16 cases) 
(Fig. 1D). The higher number of M* tumor cells 
in primary TN breast cancer is consistent with 
this type of breast cancer being enriched for mes- 
enchymal markers, including vimentin (8, 9). 
Some TN cases contained clusters of cells in the 
middle of the tumor mass that were strongly pos- 
itive for both E and M markers, yet were histo- 


A 


logically indistinguishable from the neighboring 
E* tumor cells (Fig. 1D). Thus, human primary 
breast tumors contain rare cancer cells that co- 
express mesenchymal and epithelial markers. 
To extend our EMT analysis to CTCs, we 
used the microfluidic HB (herringbone)}-chip (/0) 
to capture CTCs from blood with an antibody 
cocktail directed against Ep>CAM, EGFR (epi- 
thelial growth factor receptor), and HER2 (human 
epithelial growth factor receptor 2) (fig. S2). Hu- 
man breast cancer cell lines exhibiting epithelial 
(MCF7 and SKBR3) and mesenchymal (MDA- 
MB-231) characteristics were spiked into blood 
and captured on the triple-antibody cocktail-coated 
CTC-chip to ensure capture efficiencies of 80 to 
90%. MCF10A cells expressing the EMT-inducing 
transcription factor LBX1 (//) were used to op- 
timize the quantitative immunofluorescence-based 
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E and M RNA-ISH detection of cells captured 
on the CTC-chip (fig. S3). Using this assay, we 
defined five categories of cells ranging from ex- 
clusively epithelial (E) to intermediate (E > M, 
E = M, M > BE) and exclusively mesenchymal 
(M) (fig. S3 and Fig. 2A). 

To determine the cutoff for a positive CTC 
score, we first analyzed samples from five healthy 
blood donors. Two mesenchymal cells were iden- 
tified in one of the five specimens (median 0, 
range 0 to 2 cells per 3 ml). To set a conserva- 
tive threshold, we established 5 cells per 3 ml as 
cutoff for a positive CTC score. We next ana- 
lyzed blood samples from 41 patients at various 
stages of treatment for metastatic breast cancer. 
Seventeen patients (41%) scored positive for 
CTCs, with EMT features varying according to 
histological subtype (Fig. 2, A and B). CTCs 
from patients with lobular type cancers (typ- 
ically ER‘/PR') were predominantly epithelial, 
whereas those from the TN subtype were predom- 
inantly mesenchymal. Interestingly, CTCs from 
patients with HER2° breast cancer, whose pri- 
mary tumors typically contain few E*/M’* cells, 
were also predominantly mesenchymal (Fig. 
2B). Of note, standard cytokeratin-based pro- 
tein staining of CTCs was comparable to RNA- 


Fig. 3. Longitudinal monitoring of EMT features in CTCs 


ISH for scoring epithelial CTCs but dramati- 
cally undercounted cases with mesenchymal 
CTCs (/2). 

We next compared CTC features in pre- and 
posttreatment blood samples from 10 of these 
cases. Five patients who responded to therapy 
showed a decrease in CTC numbers and/or a 
proportional decrease in M* compared with E* 
CTCs in the posttreatment sample (Fig. 2C). In 
contrast, five patients who had progressive dis- 
ease while on therapy showed an increased num- 
ber of M* CTCs in the posttreatment sample. 
We obtained serial specimens from one index 
patient with ER/PR™ lobular carcinoma. This pa- 
tient had initially responded to an experimental 
regimen, developed resistance, and then responded 
transiently to standard chemotherapy (Fig. 3). A 
high number of M* CTCs was evident at the 
first time point. The first clinical response to the 
experimental regimen was accompanied by de- 
clining CTC numbers and a switch to predomi- 
nantly E* cells. After 7 months of this therapy, 
the patient showed disease progression, which was 
associated with an increase in M’ CTCs. These 
cells declined in number again and switched to 
an E* phenotype during a second response to 
the chemotherapy regimen. After 3 months, the 


from an index patient. Plot of CTC counts per 3 ml of 8 
blood based on RNA (E and M markers) detection meth- 60: 
ods in a patient with KRAS- and PIK3CA-mutant ER/PR* va 


lobular breast cancer, who was serially sampled during 


treatment with inhibitors targeting the PI3K (GDC0941) 


and MEK (GDC0973) pathways, followed by adriamycin 
chemotherapy. Color-coded quantitation of EMT features 
based on RNA-ISH staining is shown above each time 
point. Treatment history and clinical responses are noted 
on the chart. P, disease progression; R, treatment re- 
sponse). M* clusters were detected at time points 1, 8, 
and 12. Images of CTCs staining for E (green) and M 
(red) markers and protein staining for CK (red), CD45 
(green), or platelet marker CD61 (green) from different 
time points are shown below the chart. The number of 
single CTCs (S-CTC) detected on the entire CTC-chip 
upon processing 3 ml of blood and the number of CTCs 
within the CTC clusters (C-CTO) are indicated. Nuclei are 
stained with 4’,6-diamidino-2-phenylindole (DAPI) 
(blue). Scale bar, 10 tm. Criteria for disease progres- 
sion (P) or treatment response (R) are described in the 


supplementary materials. 


CTC count (E+M) / 3mls 


patient again showed disease progression, along 
with a switch to M* CTCs (Fig. 3). 

The increase in M* CTCs in the index pa- 
tient was accompanied by the appearance of 
multicellular CTC clusters, ranging from 4 to 
50 cells, with one cluster having ~100 tumor cells 
(Fig. 3, fig. S4, and movie S1). These clusters 
were absent from specimens with predominantly 
E* CTCs. CTC clusters are seen in patients with 
advanced cancer (/0) and can be detected with 
different CTC isolation platforms (/3, /4). The 
CTC clusters were strongly positive for M markers 
and weakly positive for E markers by ISH and 
were stained weakly with epithelial cytokeratin 
antibodies (Fig. 3). This observation is at odds 
with the prevailing hypothesis that EMT results 
in highly migratory single cells rather than clus- 
ters of cells bearing mesenchymal markers (2, 3). 
However, consistent with the recent observation 
that platelets bound to tumor cells release trans- 
forming growth factor 8 (TGF-B), potentially 
inducing EMT within the circulation (/5), stain- 
ing of CTC clusters showed an abundance of 
attached (CD61-positive) platelets (Fig. 3). We 
detected M' CTC clusters of 2 to 20 cells not 
only in the index patient but in two additional pa- 
tients, both with ER/PR™ breast cancer (fig. S5). 
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To identify signaling pathways within CTCs 
that contribute to EMT in breast cancer patients, 
we subjected these to RNA sequencing, using a 
single-molecule platform to avoid amplification 
bias associated with rare templates (/6, 17). Be- 
cause captured CTCs are contaminated with abun- 
dant leukocytes, we processed each specimen 
through paired anti-EpCAM-—capture and mock- 
capture CTC-chips, allowing us to subtract digi- 
tal gene expression (DGE) profiles of adherent 
blood cells from the CTC-enriched cells. DGE 
profiles for CTC-enriched cell populations from 
the index patient at five serial time points iden- 
tified 45 enriched genes, compared with sim- 
ilarly processed blood samples from 10 healthy 
donors used to measure anti-EpCAM-capture 
background [permutation-based statistical model 
applied to each of five time points with a false 
discovery rate (FDR) threshold of 0.15] (Fig. 4 
and table S3). Enriched transcripts included epi- 
thelial keratins KRT 8 and 19, and breast tu- 
mor markers, mammaglobins (SCGB2A2 and 
SCGB2A1), and trefoil factors 1 and 3 (TFF1 
and TFF3), the most abundant of which (TFF1) 
was highly expressed in both primary tumor and 
metastatic lymph node from this patient (fig. 
S6). CTC-associated transcripts identified 12 sig- 
natures in the Gene Set Enrichment Analysis 
(GSEA) database, with an FDR < 0.25 (Fig. 4 


and table S4). The strongest association was 
with a gene signature up-regulated in bone re- 
lapse of breast cancer (P= 1.32 x 10°’; FDR= 
0.000767), which is noteworthy because the 
patient had metastatic bone lesions at the time 
of CTC analysis. 

An additional set of 170 transcripts was en- 
riched in CTCs captured at a mesenchymal pre- 
dominant time point, characterized by multiple 
(>18) M* CTC clusters (Fig. 4 and table $5). 
SERPINE1/PAI1 and FN1, two mesenchymal 
probes used in the RNA-ISH panel, were the most 
and third most abundant CTC cluster-associated 
transcripts. The GSEA database identified 717 
gene signatures (FDR of 0.25) (Fig. 4 and table 
S6) with dramatic enrichment for EMT-related 
expression changes, including significant over- 
lap with a core EMT signature (/8) (table S7) 
(11 out of 90; P=8.1 x 107%; odds ratio = 9.8). 
In addition, enrichment for extracellular matrix 
(ECM) and ECM-related membrane receptors 
(including integrin and interleukin receptors) 
were potentially associated with the clustering 
phenomenon. Signatures reported in invasive 
ductal and lobular carcinomas, therapy resist- 
ance, and TGF-8, interleukin-6, and WNT (LEF1) 
signaling pathways were also noted. Among 
these, the most significant was TGF-B (P = 2.96 x 
10''), a potent initiator of mesenchymal trans- 


REPO 


formation (2), directly implicated in platelet- 
induced EMT (/5). Expression of Snail, Slug, 
or other well-established transcriptional regu- 
lators of EMT was not detected in the M* CTC 
clusters, but Forkhead box protein C1 (FOXC1) 
(Fig. 4), a transcription factor that induces EMT 
in cell culture models (19, 20), was detected. 
RNA-ISH revealed FOXC1 expression in CTCs 
and within localized regions of primary breast 
cancer and a tumor-infiltrated lymph node from 
the index patient and other cases (fig. S7). Thus, 
along with TGF-B activation, aberrant expres- 
sion of FOXC1 may contribute to EMT in hu- 
man breast cancer. 

In summary, we have provided evidence of 
EMT in human breast cancer specimens, both 
in rare cells within primary tumors and more 
abundantly in CTCs. These findings are consist- 
ent with results derived from mouse tumor mod- 
els, including recent studies using lineage tracing 
in Kras/Tp53 pancreatic and Her2-transgenic 
breast cancers (2/, 22) and with the detection of 
vimentin-stained and/or CK” CTCs in patients 
with cancer (23-25). Notably, we found a strik- 
ing association between expression of mesen- 
chymal markers and clusters of CTCs, rather 
than single migratory cells. The expression of 
mesenchymal markers by these adherent cells 
could result from proliferation of a single cell 
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Fig. 4. RNA-sequence analysis of transcripts enriched in CTCs. Heat map 
representing transcripts enriched in CTCs captured from the index patient, 
who was sampled at multiple time points during treatment. A CTC signature 
of 45 genes was derived by comparing 5 time points from the patient (rows 
1 to 5) with identically processed blood specimens from 10 healthy donors 
(HDs) (rows 6 to 15). An EMT-specific signature of 170 genes was derived 


from comparing M* cluster-enriched CTCs (row 4) with E* CTCs. Red and 
blue colors indicate relative high and low gene expression, respectively. 
Categories of gene signatures in the GSEA database are shown for both the 
45 gene CTC signature and the 170 gene EMT-cluster CTC signature, with 
genes contributing to the enrichment highlighted in green. The number of 
enriched signatures within each category is given in parentheses. 
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that has undergone EMT into a cluster of such 
cells or, alternatively, from the mesenchymal 
transformation of preexisting CTC clusters with- 
in the bloodstream. The proposal that mesenchy- 
mal transformation of epithelial cells is mediated 
by TGF-B released from platelets (/5) is sup- 
ported by our observation of strong TGF-f sig- 
natures in mesenchymal CTC clusters, many 
of which carry attached platelets. Collective 
migration of grouped cells that maintain their 
cell-cell and cell-matrix connections has been 
implicated in cancer metastasis (26, 27), and 
may involve increased survival signals as CTC 
clusters circulate in the blood (/7, 28, 29). The 
clinical importance of EMT as a potential bio- 
marker of therapeutic resistance and as a poten- 
tial drug target in breast cancer warrants further 
investigation. 


References and Notes 

1. D. X. Nguyen, P. D. Bos, J. Massagué, Nat. Rev. Cancer 9, 
274 (2009). 

2. J. P. Thiery, Nat. Rev. Cancer 2, 442 (2002). 

3. R. Kalluri, R. A. Weinberg, J. Clin. Invest. 119, 1420 
(2009). 

4. T. Brabletz, Nat. Rev. Cancer 12, 425 (2012). 

5. H. Ledford, Nature 472, 273 (2011). 


6. K. Pantel, R. H. Brakenhoff, B. Brandt, Nat. Rev. Cancer 
8, 329 (2008). 
7. M. Yu, S. Stott, M. Toner, S$. Maheswaran, D. A. Haber, 
J. Cell Biol. 192, 373 (2011). 
8. H. Jeong, Y. J. Ryu, J. An, Y. Lee, A. Kim, Histopathology 
60, E87 (2012). 
9. Z. Jiang et al., Cell Cycle 10, 1563 (2011). 
10. S.L. Stott et al., Proc. Natl. Acad. Sci. U.S.A. 107, 18392 
(2010). 
11. M. Yu et al., Genes Dev. 23, 1737 (2009). 
12. R. E. Payne et al., Br. J. Cancer 106, 1790 (2012). 
13. M. G. Krebs et al., J. Thorac. Oncol. 7, 306 (2012). 
14. E. H. Cho et al., Phys. Biol. 9, 016001 (2012). 
15. M. Labelle, S. Begum, R. O. Hynes, Cancer Cell 20, 576 
(2011). 
16. F. Ozsolak et al., Nat. Methods 7, 619 (2010). 
17. M. Yu et al., Nature 487, 510 (2012). 
18. J. H. Taube et al., Proc. Natl. Acad. Sci. U.S.A. 107, 
15449 (2010). 
19. K. Polyak, R. A. Weinberg, Nat. Rev. Cancer 9, 265 
(2009). 
20. N. Bloushtain-Qimron et al., Proc. Natl. Acad. Sci. U.S.A. 
105, 14076 (2008). 
21. Y. Hlisemann et al., Cancer Cell 13, 58 (2008). 
22. A. D. Rhim et al., Cell 148, 349 (2012). 
23. A. J. Armstrong et al., Mol. Cancer Res. 9, 997 (2011). 
24. A. Lecharpentier et al., Br. J. Cancer 105, 1338 
(2011). 
25. C. V. Pecot et al., Cancer Discov 1, 580 (2011). 
26. O. llina, P. Friedl, J. Cell Sci. 122, 3203 (2009). 
27. D. G. Duda et al., Proc. Natl. Acad. Sci. U.S.A. 107, 
21677 (2010). 


28. Y. N. Kim, K. H. Koo, J. Y. Sung, U. J. Yun, H. Kim, /nt. J. 
Cell Biol. 2012, 306879 (2012). 
29. J. M. Hou et al., J. Clin. Oncol. 30, 525 (2012). 


Acknowledgments: We are grateful to all the patients who 
participated in this study; we thank D. Juric, C. Koris, and 

the Massachusetts General Hospital (MGH) clinical research 
coordinators for help with clinical studies; A. Gilman, B. Brannigan, 
and M. Zeinali for technical support; F. Ozsolak and P. Milos 
(Helicos) for RNA sequencing; A. Forrest-Hay and Q. Nguyen 
(Affymetrix) for RNA-ISH reagents; L. Libby for mouse studies; and 
J. Walsh for expertise with microscopy. This work was supported 
by grants from the Breast Cancer Research Foundation (D.A.H.), 
Stand Up To Cancer (D.A.H., M.T., and S.M.), Susan G. Komen for 
the Cure KG090412 (S.M.), NIBIB EB008047 (M.T., D.A.H.), 

NCI CA129933 (D.A.H.), the National Cancer Institute-MGH 
Federal Share Program (S.M.), and the Howard Hughes Medical 
Institute (M.Y. and D.A.H.). The MGH and M.T. have filed a patent 
for the HB (Herringbone) microchip (U.S. patent 09816815.4). 
Sequencing data have been deposited in the Gene Expression 
Omnibus database (accession no. GSE41245). 


Supplementary Materials 
www.sciencemag.org/cgi/content/full/339/6119/580/DC1 
Materials and Methods 

Figs. $1 to S7 

Tables $1 to S7 

References (30-36) 

Movie $1 


7 August 2012; accepted 6 December 2012 
10.1126/science.1228522 


Systematic Identification 
of Signal-Activated Stochastic 


Gene Regulation 


Gregor Neuert,”:2* Brian Munsky,?* Rui Zhen Tan,?’*° Leonid Teytelman,* 
Mustafa Khammash,*’+ Alexander van Oudenaarden**++ 


Although much has been done to elucidate the biochemistry of signal transduction and gene 
regulatory pathways, it remains difficult to understand or predict quantitative responses. We 
integrate single-cell experiments with stochastic analyses, to identify predictive models of 
transcriptional dynamics for the osmotic stress response pathway in Saccharomyces cerevisiae. 
We generate models with varying complexity and use parameter estimation and cross-validation 
analyses to select the most predictive model. This model yields insight into several dynamical 
features, including multistep regulation and switchlike activation for several osmosensitive genes. 
Furthermore, the model correctly predicts the transcriptional dynamics of cells in response to different 
environmental and genetic perturbations. Because our approach is general, it should facilitate 
a predictive understanding for signal-activated transcription of other genes in other pathways 


or organisms. 


central goal of systems biology is to un- 

derstand and predict the complex, stochas- 

tic dynamics of gene regulation (/—3). 
Although biochemical studies have identified many 
regulatory proteins in these processes, this typi- 
cally does not enable construction of quantitative- 
ly predictive models of transcriptional dynamics. 
One challenge lies in the fact that gene regula- 
tion is a dynamic multistate process with largely 
unknown reaction rates. For example, a two-state 
system may represent closed and open chromatin 
(4-6) or the presence or absence of a transcription 
factor (7—9). Including more states or regulatory 
reactions results in a combinatorial increase in the 


number of possible model structures (/0) and leads 
to a complicated trade-off between overfitting and 
predictive power. 

We propose a data-driven comprehensive ap- 
proach to identify and validate predictive, quan- 
titative models of transcriptional dynamics through 
the integration of single-cell experiments and dis- 
crete stochastic analyses within a system identifi- 
cation framework. We apply this approach to the 
well-characterized high-osmolarity glycerol (HOG) 
mitogen-activated protein kinase (MAPK) pathway 
in Saccharomyces cerevisiae and focus on the 
regulation of STL1, CTT1, and HSP12 (11, 12) 
genes. Upon osmotic shock, the Hoglp kinase 


quickly enters the nucleus (Fig. 1A, and figs. S2 
to S4, and S6) (/3—16) and activates STL1, CTT, 
and HSP12 gene expression (figs. S6 and S9) 
(/7). We find that the Hog1p translocation dynam- 
ics is homogeneous (/4, 15, 17), yet downstream 
gene activation is heterogeneous among cells 
(/7). To quantify STL/ expression directly, we de- 
veloped a single-molecule fluorescent in situ hy- 
bridization (smFISH) (/8, 19, 20) assay, which 
captures the stochastic nature of mRNA transcrip- 
tion with high temporal and single-molecule res- 
olution (Fig. 1B) (2/, 22, 23). 

In addition to the kinase Hog1p, we consider 
the effects of the transcription factor Hotlp and 
the chromatin modifiers Arp8p and GenSp that 
modulate STL/ transcription (/7, 24). For this 
system, we seek to find and validate a model that 
predicts the system’s dynamic mRNA expression 
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for several genes (STL1, CTT1, and HSP12) in 
response to environmental and genetic perturba- 
tions. We propose a range of model structures, 
each with a discrete number of states, {S,, So,..., 
Sy} (Fig. 2A). Each haploid cell occupies one 
state at a time, and transitions among states are 
discrete, stochastic events. At least two states are 
required to explain bimodality, but additional 
states allow for more complex mechanisms, such 
as chromatin remodeling or transcription factor 
binding or release (7—9, 17). Because activated 
mRNA transcription and degradation rates are 
constant throughout different conditions (fig. S5), 
only transition rates can be variable and are as- 


Cytoplasm 


Sey 


Nucleus 


sumed to be constant or linearly dependent on the 
kinase. After identifying the model structure and 
Hog1p dependency, we validate the model struc- 
ture for several mutants and different Hog1p- 
dependent genes. 

To choose the best number of states needed 
to match STL] gene expression dynamics, we 
allow every state transition rate to be Hoglp- 
dependent. For two-, three-, four-, and five-state 
model structures with any parameter set, we use 
the finite state projection (FSP) approach (25) to 
formulate a finite set of linear ordinary differen- 
tial equations that predicts the time-varying prob- 
ability distributions. We adjust the model parameters 


Fig. 1. Quantitative analysis of single-cell stochastic gene regulation. (A) Schematic of a generic 
signaling cascade in which a kinase enters the nucleus and interacts with transcription factors (TF) and 
chromatin modifiers (CM) to regulate gene expression. (B) Rapid, stochastic, and bimodal activation of 
endogenous S7L1 mRNA expression is detected with single-molecule RNA-FISH [yeast cell: gray circle; 
DAPI (4’,6-diamidino-2-phenylindole)—stained nucleus: blue; S7TL2 mRNA: green dots]. Scale bar: 2 jum. 


R 
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until the FSP analysis fits the bimodal mRNA 
distributions at all times (26). As expected, the fit 
improves as the model complexity increases (Fig. 
2B, red line, and fig. S11). However, increased 
complexity leads to greater parametric uncertain- 
ty and may diminish predictive power. Applying 
cross-validation analyses to replicate experiments 
at 0.4 M NaCl (27), we score all models accord- 
ing to their estimated predictive power (Fig. 2B, 
blue line). This prediction estimate is validated 
with additional experiments conducted at 0.2 M 
NaCl, and we find that cross-validation provides 
an excellent estimate of predictive power (Fig. 2B, 
compare blue and green lines, and figs. S11 and 
S12). We find that the two- and three-state models 
are too simple, whereas the more complex five- 
state model structure is prone to overfitting (Fig. 
2B and figs. S11 and $12). 

We now concentrate on the four-state mod- 
el structures and determine which reactions de- 
pend upon Hog!p. To identify a Hoglp-model 
structure with enough flexibility to match the 
data while avoiding overfitting, we allow one 
or two Hog|p dependencies. We then rank the 
corresponding maximum likelihoods and cross- 
validate the top ranked Hog1p-model structures. 
The fit improves with increasing complexity 
(Fig. 2B, red line, and fig. S11), while constrain- 
ing the number of Hoglp dependencies reduces 
uncertainty (Fig. 2B and fig. S11). One nota- 
ble feature of the identified model structure and 
its corresponding parameters is that in the ab- 
sence of Hog1p, a fast reaction from S; — S, 
keeps all cells in the inactive S; state (fig. S8, red 
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identified (fig. S7) to different genetic mutations affecting S711 expression 
at 0.4 M NaCl: wild-type (WT) (red), Hotip 5x (blue), arp8A (black), and gcn5A (green). (B) Model prediction of CTT (cyan) and HSP12 (magenta) 


expression at 0.2 M NaCl. (C) Model prediction for HSP12 expression at 0.4 M in the arp8A strain. 


line). When Hog1p exceeds a certain threshold, 
the gene can transition among the active So, 
S3, and Sy, states (fig. S8, blue, green, and black 
lines). Our final model captures all qualitative 
and quantitative features of STL] mRNA ex- 
pression dynamics after a 0.4 M NaCl osmotic 
shock (Fig. 2C, top). These features include a 
constant time delay, f), between Hog|p trans- 
location and mRNA expression; slow activa- 
tion of gene expression; transient bimodality in 
RNA populations; conserved maximal mRNA 
expression between different conditions; and 
Hog|p-dependent modulation of gene expres- 
sion duration. In addition, the model makes the 
best predictions for the mRNA expression af- 
ter osmotic shock with 0.2 M NaCl (Fig. 2C, 
bottom). 

To test the generality of this model’s predic- 
tive power, we collect new data sets at 0.4 M 
NaCl for several different mutant strains and 
for different Hoglp-activated genes. The dif- 
ferent mutant strains include a fivefold Hot1p- 
overexpression strain and gene knockouts of 
the chromatin modifiers ARP8 or GCNS5. We also 
consider two additional stress response genes: 
CTT1 and HSP12. The model identified above 
fits equally well to the mRNA expression dy- 
namics for STL/ in the Hotlp-overexpression 
strain as well as the arp8A and gcn5A mutants 
(Fig. 3A and figs. S15, S18, and S19). The same 
structure also fits the CTT] and HSP12 mRNA 
expression dynamics (figs. S9, S15, $18, and S19) 
with relatively few parameter changes between 
the different genes and mutations (table S2) (27). 
The resulting model makes excellent predictions 
for the dynamics of CTT] and HSP12 mRNA 
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Fig. 4. Relating model structure to biological function. (A) Mutant and gene-specific rate changes 
relative to S7L1. (B) Final model, in which Hog1p, Hot1p, Gcn5p, and Arp8p regulate transitions between 


states S, and S>. 


expression at 0.2 M NaCl (Fig. 3, B and C, and 
figs. S16, S18, and $19). Combining the relative 
changes in the rates measured for STL/ in the 
mutant ARP8 strain with the rate changes for 
the CTT1 and HSP12 expression measured in 
wild-type strain results in a very good predic- 
tion of the CTT/ and HSP12 mRNA expression 
in the ARPS mutant strain (Fig. 3C and figs. S17 
to S19) (27). 

Having determined that the model structure 
identified above can fit and predict STL1, CTT, 
and HSP/2 mRNA expression dynamics in dif- 
ferent mutant strains, we examine which rates vary 
most for each mutant and gene in comparison to 
wild-type STL/ (Fig. 4A and table S2). The most 
variable rates between different mutations are 
the k}» and k>, transition rates, which indicate 


that Hotlp, Gen5p, and Arp8p all modulate the 
transition rates into and out of the S; state but re- 
sult in different Hog! p-activation and -deactivation 
thresholds (fig. S10). Other transition rates are 
affected to a much lower degree. 

The identified model structure and parameters 
quantitatively capture and/or predict all of the 
observed experimental data (Figs. 2 to 4 and figs. 
S15 to $19). The model also yields several qual- 
itative and quantitative insights, including (1) a 
switchlike mechanism that activates each gene 
and stabilizes its activity when Hog1p exceeds a 
gene-specific threshold and (ii) gene-specific pro- 
duction and degradation rates that are indepen- 
dent of the Hog1p-kinase dynamics. The four-state 
model structure is essential to explain the tem- 
poral dynamics in gene expression observed in 
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all of the experiments. This structure describes 
an Off state, S;, which is the default state in the 
absence of osmotic shock, and three On states 
with different transcription rates and reaction rates 
between the states. Activation occurs when nu- 
clear Hog1p represses the deactivation rate, k21, 
subject to the interplay of gene- and mutant- 
specific (de)activation thresholds (fig. S10 and 
table S2). This interplay provides the main knob 
by which the duration of mRNA expression is 
finely tuned in response to different environmental 
conditions (e.g., different salt concentrations) or 
to different genetic mutations. 

In this study, we have identified a single quan- 
titative model to understand and predict STL/, 
CTT1, and HSP12 gene expression dynamics in 
response to various environmental and genetic 
perturbations. We generated a large range of 
possible model structures and developed a dy- 
namic single-cell assay with which to discriminate 
among these model structures. We combined 
this experimental assay with discrete stochastic 
analyses and parameter identification approaches. 
Our cross-validation analyses systematically elim- 
inated oversimplified and overcomplex model 
structures. We eventually selected the model struc- 
ture and parameters for a single best model to 
predict STLI, CTT1, and HSP12 dynamics. Fur- 
thermore, the identified model provides detailed 
insight into the biophysical dynamics of signal- 
activated gene regulation. Because the presented 
experimental and computational tools are ap- 
plicable to any gene or signaling pathway, this 


integrated identification approach can lead to 
insights into complex cellular networks for other 
organisms. 
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Molecular Mechanism of Action 
of Microtubule-Stabilizing 


Anticancer Agents 


Andrea E. Prota,’ Katja Bargsten,* Didier Zurwerra,” Jessica J. Field,? José Fernando Diaz,* 


Karl-Heinz Altmann,” Michel O. Steinmetz?* 


Microtubule-stabilizing agents (MSAs) are efficacious chemotherapeutic drugs widely used for 
the treatment of cancer. Despite the importance of MSAs for medical applications and basic 
research, their molecular mechanisms of action on tubulin and microtubules remain elusive. 
We determined high-resolution crystal structures of af-tubulin in complex with two unrelated MSAs, 
zampanolide and epothilone A. Both compounds were bound to the taxane pocket of B-tubulin 
and used their respective side chains to induce structuring of the M-loop into a short helix. 
Because the M-loop establishes lateral tubulin contacts in microtubules, these findings explain 
how taxane-site MSAs promote microtubule assembly and stability. Further, our results offer 
fundamental structural insights into the control mechanisms of microtubule dynamics. 


he binding of microtubule-stabilizing agents 
(MSAs) such as paclitaxel (Taxol, Bristol- 
Myers Squibb) to microtubules is gener- 
ally thought to shift the assembly equilibrium of 
tubulin toward the polymeric state and to block 
cell entry into mitosis by suppressing microtu- 
bule dynamics (/, 2). However, MSAs are also 
known to induce microtubule polymerization un- 
der conditions in which tubulin does not assem- 
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ble spontaneously, suggesting a role in tubulin 
activation (3, 4). To provide insights into the in- 
teractions of MSAs with tubulin and microtu- 
bules at the molecular level, we crystallized the 
complex between of-tubulin (T), the stathmin- 
like protein RB3 (R), and tubulin tyrosine ligase 
(TTL) in the presence of either zampanolide 
(Zampa) or epothilone A (EpoA) (Fig. 1A) and 
determined the structures of the corresponding 


protein-ligand complexes (T2R-TTL-Zampa and 
T>R-TTL-EpoA) at 1.8 and 2.3 A resolution, re- 
spectively, by x-ray crystallography (fig. SIA 
and table S1) (5). The two tubulin heterodimers 
in the T,R-TTL-MSA complexes were aligned in 
a head-to-tail fashion and assumed a curved con- 
formation. Their overall structures superimposed 
well with the ones obtained in the absence of a 
MSA or of tubulin in complex with RB3 alone (6) 
{root mean square deviation (RMSD) ranging 
from 0.1 to 0.6 A over more than 650 Ca atoms], 
which suggests that the binding of MSAs and 
TTL does not induce major structural changes in 
the T2R complex. Both Zampa and EpoA were 
deeply buried in a pocket formed by predom- 
inantly hydrophobic residues of helix H7; B strand 
S7; and the loops H6-H7, S7-H9 [designated 
the M-loop (7)], and S9-S10 of B-tubulin—this 
pocket is commonly known as the taxane pocket 
(Fig. 1, B to D) (8, 9). 
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Fig. 1. Tubulin-Zampa and tubulin-EpoA complex structures. (A) 
Chemical structure of Zampa and EpoA. (B) Overall view of the 
complex formed between tubulin (gray surface; M-loop in yellow) 
and Zampa (green spheres). The dashed box depicts the area shown 
in more detail in (C). (C and D) Close-up views of the interaction 
network observed between Zampa [green sticks, (C)] or EpoA [light 
green sticks, (D)] and B-tubulin (gray cartoon). Interacting residues 
of B-tubulin are shown in stick representation. Oxygen and ni- 
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trogen atoms are red and blue, respectively, and carbon atoms 


are green (Zampa and EpoA) or gray and yellow (f-tubulin). Hydrogen bonds 
are depicted as black dashed lines. The covalent bond between the C-9 atom 
of B-tubulin is indicated by an orange 


of Zampa and the NE2 atom of His?” 


In the T,R-TTL-Zampa complex, the C-9 
atom of Zampa was covalently bound to the NE2 
atom of His”? of B-tubulin (fig. S1B), which is 
consistent with mass spectrometry data (/0). In 
addition, two hydrogen bonds were formed be- 
tween the OH20 group and the O1’ atom of 
Zampa, and the main-chain carbonyl oxygen 
and the NH group of Thr?”®, respectively. In the 
T>R-TTL-EpoA complex, the O1, OH3, OH7, and 
N20 groups of EpoA were hydrogen bonded to 
atoms of residues Thr” (main-chain NH), Gln?*! 
(side-chain amide nitrogen), Asp~”° (side-chain 
oxygen), and Thr?” (side-chain hydroxyl group) 
of B-tubulin, respectively. The binding mode of 
EpoA in the tubulin-EpoA structure is funda- 
mentally different from the one proposed based 
on electron crystallography data of zinc-stabilized 
tubulin sheets (fig. S2A); however, the orienta- 
tion of the ligand in the taxane pocket was am- 
biguous in the electron crystallography structure 
because the density of the ligand in experimen- 
tal omit maps was discontinuous (9, //). In con- 
trast, the density of EpoA in our tubulin-EpoA 
x-ray crystal structure is very well defined and 
allowed the orientation of the ligand as well as 
its conformation to be defined unambiguously 
(fig. SIC). 

A comparison of the tubulin-Zampa taxane 
pocket with that of tubulin-EpoA showed that 
its conformation is very similar in both complex 
structures (RMSD of 0.4 A over 55 Co. atoms) 
and revealed that the side chains of Zampa and 
EpoA superimposed well (fig. S2B). In contrast, 
completely different sets of interactions were 
established by the two MSAs to anchor their 


macrolide core structures in the taxane pocket, 
with the planes of the macrocycles oriented at a 
~90° angle. 

A hallmark of both the tubulin-Zampa and 
tubulin-EpoA complex structures was the pres- 
ence of a short helix formed by residues Arg””®- 
Tyr? in the M-loop of B-tubulin (Fig. 2A). 
This segment was largely disordered in the ab- 
sence of a MSA (Fig. 2B). In contrast, the other 
secondary structure elements of the taxane pocket 
superimposed well between the ligand-bound 
and -unbound states, suggesting that the binding 
of a MSA is not required to structure these parts 
of the pocket (RMSD of 0.2 A over 77 Ca. atoms). 
The helical conformation of the M-loop induced 
upon ligand binding can be explained by the 
various hydrophobic and polar contacts estab- 
lished between the side chains of Zampa and 
EpoA, respectively, and residues of the M-loop 
(Fig. 1, C and D). The helix was further sta- 
bilized by a characteristic intramolecular hydro- 
gen bonding network formed by residues of the 
M-loop and helix H9 of B-tubulin (Fig. 2C). 

The “curved” structure of tubulin in the 
tubulin-RB3 complex corresponds to the con- 
formation of unassembled, free tubulin (/2, /3). 
In contrast, a “straight” conformation of tubulin 
is found in microtubules (8, /4). To assess pos- 
sible structural differences between the taxane 
pocket in unassembled tubulin and microtubules, 
we compared models of B-tubulin in the curved 
(T,R-TTL-Zampa) and straight (74) conforma- 
tional states. Superimposition of these structures 
showed that the overall architecture of the taxane 
pocket is only slightly affected by the curved- 


( 
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\ 


stick. Single-letter abbreviations for the amino acid residues are as follows: 
A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; 
N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 


to-straight structural rearrangements (RMSD 
of 1.1 A over 73 Ca atoms) (Fig. 3A). This ob- 
servation is in agreement with biochemical 
studies suggesting that some MSAs can bind to 
unassembled and/or oligomeric forms of tubulin 
(10, 15). The stronger binding of MSAs to mi- 
crotubules can be explained by the disordered 
nature of the M-loop in unassembled tubulin 
in comparison to its structured state in micro- 
tubules (7, /6). 

The M-loop of both a- and B-tubulin is a 
crucial element for lateral tubulin contacts be- 
tween protofilaments in microtubules in the ab- 
sence of ligands (7, /6). To provide structural 
insights into lateral tubulin contacts, we mod- 
eled the helical conformation of the M-loop in 
the context of the microtubule lattice. For this 
purpose, we used the straight tubulin structure 
(/4) and cryogenic electron microscopy (cryo- 
EM) reconstructions of microtubules at ~8 A 
resolution (7, 76). In contrast to the non-native 
M-loop conformation in zinc-stabilized tubulin 
sheets (/4), the MSA-stabilized helical M-loop 
conformation of B-tubulin adequately explains 
the corresponding density of EM reconstruc- 
tions of microtubules (Fig. 3B). In our model, 
Tyr**? of the M-loop is inserted across proto- 
filaments into a pocket shaped by the S2'-S2” 
B hairpin and the H2-S3 loop (residues Ala”®, 
Thr>’, Val’, Gin®>, Arg®®, Pro®’, and Asp”) of 
a neighboring B-tubulin subunit (Fig. 3C), sec- 
ondary structure elements that were not consider- 
ably affected by the curved-to-straight tubulin 
conformational transition (RMSD of 0.7 A over 
91 Ca atoms) (Fig. 3A). In addition, the M-loop 
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Fig. 2. Conformation of the M-loop of B-tubulin. 
(A and B) 2mFo-DFc (gray mesh, contoured at 1.0c) 
and mFo-DFc (green and red mesh, +3.0c) electron 
density maps of the region surrounding the M-loop 
of B-tubulin in the T,R-TTL-Zampa (A) and T2R-TTL 
(B) complexes. (C) Close-up view of the Zampa-induced 
intramolecular interaction network that contributes 
to the stabilization of the M-loop helix. 


residues Ser”, Gin?*?, Arg’, and Ala**> were 
favorably positioned to form additional con- 
tacts to the neighboring B-tubulin. The M-loop 
of a-tubulin in our tubulin-MSA complexes 
was also stabilized in a similar helical confor- 
mation, in this case due to a crystal contact (fig. 
$3). In combination with molecular dynamics 
simulations (/7), these data collectively sug- 
gest that the disordered M-loops of both a- and 
B-tubulin exhibit an intrinsic propensity to form 
a helix that establishes lateral tubulin contacts 
in microtubules. 

Our study provides fundamental structural 
information on the molecular mechanism of ac- 
tion of MSAs (Fig. 3D). Apart from additional 
global effects (/7—/9), a common feature of tu- 
bulin activation by MSAs is the formation of a 
short helix in the M-loop of B-tubulin upon MSA 
binding. As M-loop structuring is a crucial pre- 
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Fig. 3. Lateral tubulin interactions in microtubules. (A) Superimposition of the taxane pocket (right) 
and M-loop—contacting secondary structure elements across protofilaments (left) in curved (T2R-TTL- 
Zampa; gray) and straight (PDP ID 1JFF; light blue) B-tubulin. (B) Cryo-EM map at 8.2 A resolution of a 
microtubule viewed from its luminal side (gray surface; Electron Microscopy Data Bank map 1788). Two 
chimeric molecules composed of straight B-tubulin (cartoon representation) and elements shaping the 
taxane pocket in the curved tubulin-Zampa complex (A) are fitted in the map. (C) Close-up view of the 
lateral B-tubulin contact model shown in (B). (D) Proposed molecular mechanism of action of MSAs on 
tubulin and microtubules. (1) Binding of a MSA (rhomboid) to the taxane-site structures the disordered 
M-loop of B-tubulin (dashed line) into a helix (cylinder). (2) The MSA-stabilized M-loop promotes tubulin 
polymerization. (3) The M-loop helices of a- and B-tubulin are also formed in the context of the 
microtubule in the absence of a ligand. (4) All taxane-site MSAs bind to tubulin in the microtubule to 


stabilize lateral contacts. For more details, see text. 


requisite for lateral tubulin interactions, this ef- 
fect explains how MSAs promote microtubule 
assembly and stabilization. Our data further sug- 
gest that the intramolecular interaction network 
that stabilizes the M-loop helix of both o- and 
6-tubulin also forms in microtubules in the ab- 
sence of a ligand. We propose that the helical 
structuring of the M-loop facilitates the curved- 
to-straight conformational change that occurs upon 
incorporation of tubulin into microtubules. In 
this context, the binding of a MSA leads to tu- 
bulin preorganization according to the gross struc- 
tural requirements of the assembly process, thus 
reducing the entropy loss associated with micro- 
tubule formation. In turn, our model implies 
that dissolution of the helical structure of the 
M-loops is an early molecular event in the pro- 
cess of microtubule disassembly. 

The high-resolution structural information 
obtained for the tubulin-MSA complexes reported 
here opens the possibility for structure-guided 
drug engineering. Whereas the structure-activity 
relationship of epothilones has been explored 
extensively (20) and one epothilone derivative, 
ixabepilone, has been approved by the U.S. 


Food and Drug Administration for breast cancer 
treatment (2/), little structure-activity work has 
been reported on Zampa (22). Zampa exhibits 
favorable properties that could make it an attrac- 
tive lead compound (/0). It is a very potent MSA 
that exerts its action through covalent binding 
to tubulin, which might provide superior activiy 
in the case of P-glycoprotein—mediated multidrug 
resistance. 
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in the Ubiquitin System 
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The ubiquitin system regulates virtually all aspects of cellular function. We report a method 

to target the myriad enzymes that govern ubiquitination of protein substrates. We used 
massively diverse combinatorial libraries of ubiquitin variants to develop inhibitors of four 
deubiquitinases (DUBs) and analyzed the DUB-inhibitor complexes with crystallography. We 
extended the selection strategy to the ubiquitin conjugating (E2) and ubiquitin ligase (E3) 
enzymes and found that ubiquitin variants can also enhance enzyme activity. Last, we showed that 
ubiquitin variants can bind selectively to ubiquitin-binding domains. Ubiquitin variants exhibit 
selective function in cells and thus enable orthogonal modulation of specific enzymatic steps in the 


ubiquitin system. 


system for protein posttranslational mod- 
ification rivals and may exceed that of 
phosphorylation (/, 2). Consequently, there is 
great interest in deciphering the role of protein 
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ubiquitination and deubiquitination in both normal 
and disease states (/). Ubiquitin (Ub) is a small, 
highly conserved protein that is covalently con- 
jugated to proteins through a cascade of enzyme 
activities, E1—E2—E3, which can be read by a 
cohort of Ub-binding domains (UBDs) and re- 
versed by deubiquitinating enzymes (DUBs). Ub 
monomers and chains of different linkages can be 
assembled on the substrate, and this complex 
code can target the substrate for degradation by 
the 26S proteasome or alter its interactions, lo- 
calization, or activity (3). 

The 58 human ubiquitin-specific proteases 
(USPs) (4), which represent more than half of the 
known DUBs, have attracted attention as poten- 
tial therapeutic targets (5, 6). Numerous USPs 
have been implicated in cancer and other pathol- 
ogies, including neurodegenerative, haematolog- 
ical, and infectious diseases (7—/3). USPs are 
cysteine proteases that share a structurally con- 
served catalytic domain with a well-defined cat- 
alytic cleft (7/4). Thus, it may be possible to 
develop a general structure-based strategy for 
inhibiting family members by using similar yet 
specific molecular entities, as has been the case 
for kinases that have been targeted with small 


molecules built on common scaffolds (75). How- 
ever, only a few weak inhibitors of USPs or other 
DUBs have been reported (/6—/8). The paucity 
of specific inhibitors for DUBs has hampered 
attempts to understand and manipulate deubiqui- 
tination pathways for therapeutic benefit. 

We developed a strategy to use Ub as a scaffold 
to generate highly specific and potent inhibitors 
of USPs and then extended the approach to target 
other DUB families, E2 enzymes, E3 enzymes, 
and UBDs. USP substrates contain a proximal 
Ub moiety that is conjugated through its C-terminal 
carboxyl group to a lysine in a target Ub or protein 
substrate (19, 20). Despite low sequence similarity, 
USP catalytic domains share a common fold that 
includes a structurally conserved Ub-binding site 
for the proximal Ub. 

To aid our inhibitor design strategy, we solved 
the structure of USP21 in complex with a suicide- 
substrate Ub moiety that forms a covalent bond 
between its C terminus and the catalytic cysteine 
of the enzyme (table $1) (2/, 22). Superposition 
of the Ub:USP21 complex structure with struc- 
tures of four other Ub:USP complexes shows 
that Ub occupies a similar site on all five en- 
zymes (Fig. 1A). The contact surface between 
Ub and the USPs is large; for example, 1835 and 
1645 A? are buried on the surfaces of Ub and 
USP21, respectively. Approximately 75% of the 
Ub-binding surface on USP21 is composed of 
residues that are not conserved within the USP 
family (Fig. 1B and fig. S1). 

Because Ub binds to USPs with low affinity 
but through a large contact area, we reasoned 
that we should be able to make mutations in 
Ub that optimize intermolecular contacts and 
enhance affinity for a particular USP. Because 
the Ub-binding sites of USPs vary in sequence, 
Ub variants that bind tightly to one USP should 
not interact with other USPs. Tight binding Ub 
variants should act as competitive inhibitors 
of catalytic activity by blocking the recognition of 
natural ubiquitinated substrates. To test our hy- 
pothesis, we constructed combinatorial, phage- 
displayed libraries of Ub variants for selection 
against different USPs and other Ub-associated 
proteins. 

We defined the USP-binding site as ~30 Ub 
residues that make contact with USP21 in the 
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Ub:USP21 complex structure (Fig. 1, C and D). 
We constructed two phage-displayed libraries 
using a soft randomization strategy that favored 
the wild-type (wt) sequence but allowed for di- 
versity across the entire Ub-binding site (23, 24). 
This approach enabled the selection of variants 
with mutations that improve affinity for a partic- 
ular USP without drastically altering the binding 
interaction. 

Binding selections yielded variants that bound 
to either USP8, USP21, or USP2a (Fig. 2A and 
table S2) but not to 10 other USPs (Fig. 2B). We 
also isolated variants that bound selectively to 
members of two other DUB families: the ovarian 
tumor protease (OTU) family member OTUB1 
(25, 26) and the JAB1/MPN/MOV34 metallo- 
enzyme (JAMM) family member Brec36-containing 
isopeptidase complex (BRISC) (27, 28). We also 
identified variants that bound selectively to the 
homologous to the E6-AP carboxyl terminus 
(HECT) domains of the E3 enzymes neural pre- 
cursor cell expressed developmentally down- 
regulated protein 4 (NEDD4) or itchy homolog 
E3 ubiquitin protein ligase (ITCH) (29, 30), to 
the noncatalytic UBDs of USP37 (USP37-UBD) 
(31, 32), and to the E2 enzyme Cdc34 (Fig. 2, A 
and B, and table S2) (33). 

Ub variants that bound selectively to USP8, 
USP21, or USP2a were purified as free proteins 
in a truncated form lacking the last two glycines 


that are required for conjugation to substrates 
(79). In vitro proteolysis assays with the substrate 
Ub-AMC (34) showed that each Ub variant po- 
tently inhibited its cognate USP [median in- 
hibitory concentration (ICs9) = 4.8 nM, 2.4 nM, 
or 25 nM for Ubv.8.2CA2, Ubv.21.4CA2, or 
Ubv.2.3CA2, respectively] (Fig. 2C). In contrast, 
neither the variants, nor Ub.wt, inhibited non- 
cognate USPs (IC59 >> 1 uM) (fig. S2). Purified 
Ubv.B1.1 bound to OTUB1 with a dissociation 
constant (Kg) of 20 nM (fig. S3A) and efficient- 
ly inhibited the cleavage of K48-linked di-Ub 
(fig. S3B), which is consistent with a substrate- 
competitive binding mode. OTUB! binds to the 
activated E2-conjugating enzyme Ub~UbcH5b, 
and binding is enhanced by Ub.wt (35). Although 
Ubv.B1.1 binds to OTUB1 much more tightly 
than does Ub.wt, it shows a compromised ability 
to promote complex formation (Fig. 2D), sug- 
gesting an alteration in binding mode to OTUB1 
relative to Ub.wt. 

To elucidate the molecular details of enzyme 
inhibition, we determined the structures of USP21, 
USP8, USP2a, and OTUB1 in complex with their 
cognate inhibitors at 2.0, 2.6, 1.85, or 2.5 A, re- 
spectively (Fig. 3 and table S1). 

The structures of USP21 in complex with 
Ubv.21.4 or Ub.wt were highly similar; the Ca 
atoms of the USP and Ub moieties superim- 
pose with root-mean-square deviation (RMSD) 
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of less than 0.7 or 0.4 A’, respectively (Fig. 
3A). Ubv.21.4 was purified with a C-terminal 
extension, but mass spectrometry of protein sam- 
ple before crystallization showed a mass con- 
sistent with cleavage of the tail after Gly”°, the 
last residue of natural Ub (fig. S4 and table S3). 
These results indicate that Ubv.21.4 is a sub- 
strate for USP21 but is not released after cleav- 
age. This result is consistent with the crystal 
structure, which shows excellent superposition 
between the tails of Ubv.21.4 and Ub.wt in the 
catalytic cleft of the enzyme. 

The three mutated residues in Ubv.21.4 con- 
tact residues of USP21 that are not conserved in 
the USP family (Fig. 3B), and this provides a 
structural explanation for the selectivity of 
Ubv.21.4 for USP21 (fig. S5). Compared with 
Ub.wt, two of the three substitutions in Ubv.21.4 
serve to remove repulsive interactions and opti- 
mize hydrophobic packing with USP21. The Glu“ 
side chain in Ub.wt is located close to Asp**** of 
USP21 (USP residues are marked with asterisks), 
but in Ubv.21.4, this unfavorable charge interac- 
tion is abrogated by substitution with Trp™, which 
makes a hydrogen bond with Asp***" and hydro- 
phobic contacts with the side chains of Pro?" and 
Val**", (Fig. 3C, left). The Ub side chain at po- 
sition 68 packs against three hydrophobic side 
chains of USP21, and consequently, the hydro- 
phobic Phe®* of Ubv.21.4 appears to make more 
favorable interactions than those of the polar His® 
side chain of Ub.wt (Fig. 3C, center). 

We could not solve the structure of USP8 in 
complex with Ub.wt, but we compared the struc- 
ture of USP8 in complex with Ubv.8.2 with a 
previous structure of the USP8 catalytic domain 
alone (apo-USP8) (36). An auto-inhibited or in- 
active state was ascribed to apo-USP8 because 
the Ub-binding site is partially occluded by a zinc 
finger domain, implying an induced fit mecha- 
nism for substrate binding. Overall, the structures 
of apo-USP8 and USP8 in complex with Ubv.8.2 
are similar, and the Co atoms superimpose with 
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Fig. 1. Structural rationale and library design for 
Ub-based USP inhibitors. (A) Superposition of Ub 
in complex USP21 (blue; PDB entry 313T), USP2a 
(green; PDB entry 2HD5), USP5 (yellow; PDB entry 
3IHP), USP7 (magenta; PDB entry 1NBF), and 
USP14 (red; PDB entry 2AYO) (22, 45, 46). The 
superposition was performed with complete coor- 
dinates for the Ub:USP complexes, but for clarity, 
only USP21 is shown (gray). (B) The Ub-binding 
site of USP21. USP21 is shown as a molecular 
surface, and residues that form the Ub-binding site 
are colored red or blue, indicating residues that 
are <50% or >50% conserved, respectively, in the 
sequences of 48 human USPs (fig. $1). (C) The 
phage-displayed Ub library design mapped onto 
the Ub structure (PDB entry 1UBQ). The Ub main 
chain is shown as a gray tube, and positions that 
were diversified in the libraries are shown as spheres, 
colored as follows: region 1, purple; region 2, blue; and region 3, orange. 
(D) The primary sequence of the regions targeted in the library design. 
Diversified sequences are shaded and colored as in (C). Two libraries were 
constructed. Amongst the shaded sequences, library 1 (7 x 107° distinct variants) did not target six of the 
positions in region 3 (73 to 78), and library 2 (9 x 10° distinct variants) did not target four of the 
positions in region 2 (35, 37, 39, and 40). 


a RMSD of 1.4 A? (Fig. 3D). However, there 
are substantial changes in the zinc finger re- 
gion, which is opened by ~8 A (measured by the 
change in position of Asn’**”) in the inhibitor- 
bound form. Additionally, the BL2 loop adja- 
cent to the active site of the protein is shifted 
slightly outward by ~3 A (measured by the 
change in position of Gly!°'8*). Surprisingly, 
Ubv.8.2 is rotated by ~85° and shifted by ~5 A 
relative to the positions of the Ub moieties in the 
complexes with USP21 and other USPs (Figs. 
1 and 3). Consequently, the tail of Ubv.8.2 does 
not extend into the active site cleft, and con- 
sistently, mass spectrometry showed no cleav- 
age of the C-terminal extension that was added 
downstream of Gly’® (fig. S2 and table $3). 
Thus, Ubv.8.2 binds to a conformation of USP8& 
that resembles apo-USP8 but in an orientation 
that differs drastically from known structures of 
Ub.wt bound to active USPs. Despite these un- 
usual features, Ubv.8.2 occludes the Ub-binding 
site and potently inhibits USP8 activity. 
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Nine of the 12 mutated residues in Ubv.8.2 
make contacts with USP8, and 70% of these 
contacts involve nonconserved residues in the 
USP family (Fig. 3E), likely accounting for the 
high specificity of Ubv.8.2 for USP8 (Fig. 2B). 
The tail of Ubv.8.2 contains three mutated con- 
tact residues (Ala®, Tyr®, and Leu”’) and in- 
teracts with an o-helix formed by residues 870* 
to 882* of USP8 (Fig. 3F, left). A second clus- 
ter of contacts involving mutated residues is 
formed by the interactions of Arg’, Val’, Ie’, 
and His™ with residues 891* to 895* (Fig. 3F, 
center). The remaining two mutated contact resi- 
dues (Met? and Arg!') are in close proximity 
(Fig. 3F, right). 

The structures of USP2a in complex with Ub. 
wt or Ubv.2.3 are highly similar (Fig. 3G) be- 
cause the Ca atoms of the USP and Ub moieties 
superimpose with a RMSD of 1.0 or 0.3 A, re- 
spectively. The three mutated residues in Ubv.2.3 
make contacts with residues that are not con- 
served in the USP family (Fig. 3H), again ex- 
plaining the selectivity. Relative to Ub.wt, the 
three substitutions alter hydrogen-bonding pat- 
terns (Fig. 31). Whereas Lys° of Ub.wt formed a 
hydrogen bond with Asp*®®", Asn° of Ubv.2.3 
forms a hydrogen bond with Lys**” (Fig. 31, left). 
Consequently, Asp*°** reorients and forms a hy- 
drogen bond with His'? of Ubv.2.3 (Fig. 31 
middle). 

The structure of the OTUB1 OTU domain 
(OTUB1**”!) in complex with Ubv.B1.1 (table 
S1) reveals that Ubv.B1.1 binds to the distal Ub- 
binding site of OTUB1 (Fig. 3J) and enables a 
rationalization of its altered binding and allo- 
steric properties. Compared with a previously 
published Ub~UbcH5b-OTUB1-Ub complex 
structure (35), Ubv.B1.1 is rotated by 22° rela- 
tive to the distal site Ub.wt (Fig. 3J). This de- 
viation in binding mode may account for the 
compromised ability to allosterically promote 
binding of Ub~UbcH5b to OTUBI. Four of the 
six mutated residues in Ubv.B1.1 are in contact 
with OTUB1 (Fig. 3K) and bind to a turn motif 
connecting a8 and a9 of OTUB1. Most prom- 
inent in this interaction are Leu“, Arg’, and 
Tyr®’, which improve polar and hydrophobic 
contacts. Arg*” establishes hydrogen bonds to 
four main chain carbonyl groups in the turn mo- 
tif (Fig. 3L, left), whereas Tyr makes favorable 
packing interactions with His!” and Phe'?*” 
(Fig. 3L, middle). Leu“ establishes van der Waals 
contacts with the peptide bonds of the a8:09 loop 
(Fig. 3L, right). These results demonstrate that 
high-affinity Ub variants can be developed against 
specific UBDs. 

We investigated the in vivo effects of dif- 
ferent variants expressed as C-terminal fusions 
with Flag-tagged green fluorescent protein in 
mammalian cells. Mass spectrometric analysis 
of associated proteins showed that each inhib- 
itor interacted specifically with its cognate USP 
(table S4). 

Ubiquitinated receptor-interacting protein 
1 (RIP1) is a positive regulator of nuclear factor 


«B (NF-«B) activation induced by tissue necrosis 
factor-a (TNFa), and in turn, USP21 has been 
shown to down-regulate TNFo-induced NF-«B ac- 
tivation by deubiquitinating RIP1 (37). Ubv.21.4CA2 
coimmunoprecipitated with USP21 in cotrans- 
fected human embryonic kidney (HEK) 293T 
cells (Fig. 4A), blocked the deubiquitination of 
RIP1 by USP21 (Fig. 4B), and restored NF-kB 


than Ubv.21.4CA2. These results show that 
Ubv.21.4CA2 binds and inhibits USP21 in cells 
and establish that Ub variants can act as or- 
thogonal genetic probes of USP function. 
USP8 regulates ligand-mediated endocyto- 
sis of several receptors (38—40), including the 
epidermal growth factor receptor (EGFR), de- 
ubiquitination of which protects it from degra- 


activation (Fig. 4C). No such effects were ob- 
served when Ub.wt was cotransfected rather 


dation in lysosomes (38). Immunoprecipitated 
Ubv.8.2CA2, but not Ub.wtCA2, was associated 
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Fig. 2. Selective binding of Ub variants to DUBs, Ub ligases, and UBDs, and inhibition of DUB 
function in vitro. (A) Sequence alignment of Ub.wt and representative Ub variants selected for 
binding to USP8 (8.2), USP21 (21.4), USP2a (2.3), OTUB1 (B1.1), the BRISC protein complex (BR.1), 
NEDD4 (N.2), ITCH (IT.1), USP37-UBD (37.1), or Cdc34 (R1.2). The alignment shows only those 
positions that were diversified in the Ub library, and positions that were conserved as the wt sequence 
are indicated by dashes. A complete list of selected variants is provided in table S2. (B) Ub variants 
bind selectively to their cognate targets, as shown by phage enzyme-linked immunosorbent assays for 
binding to the following immobilized proteins (color coded as indicated in the panel): USP2a, USP5, 
USP7, USP8, USP9x, USP9y, USP10, USP14, USP16, USP21, USP48, OTUB1, BRISC, NEDD4, ITCH, 
and USP37-UBD. Bound phage were detected spectrophotometrically (optical density at 450 nm), 
and background binding to neutravidin was subtracted from the signal. (C) Inhibition of USP2a, 
USP28, or USP21 shown as dose-response curves for Ub variants. The ICs value was determined as 
the concentration of Ub variant that reduced USP activity by 50%. (D) The effects of Ubv.B1.1 or Ub. 
wt on binding of OTUB1 to Ub~UbcH5B measured as relative fluorescence by means of time-resolved 
Férster-energy transfer. The median effective concentration (EC59) value is defined as the half- 
maximal effective concentration of OTUB1. 
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with endogenous USP8 (Fig. 4D). EGF-stimulated 
ubiquitination of EGFR in transfected HEK293 
cells that express large amounts of Flag-tagged 
EGER (~10°/cell) (47) was greater in cells express- 
ing Ubv.8.2CA2 than in cells expressing Ub.wtCA2 
(Fig. 4E). Expression of Ubv.8.2CA2 in HEK293 
cells, but not Ub.wtCA2, resulted in more rapid 
down-regulation of endogenous EGFR in response 


to a low dose (5 ng/ml) of EGF (Fig. 4F), which 
is the expected outcome of USP8 inhibition 
(38, 42). These data illustrate that Ubv.8.2CA2 
can modulate EGFR ubiquitination over a broad 
range of receptor densities. 

Confocal microscopy of cells expressing 
Ubv.8.2CA2 or Ub.wtCA2 (fig. S6) showed no 
difference in the colocalization of EGFR with 


REPORTS [ 


the early endosomal antigen 1 (EEA1), indicat- 
ing that endosomal uptake of EGFR in response 
to EGF stimulation was not affected by the Ub 
variant (Fig. 4G). However, Ubv.8.2CA2, but 
not Ub.wtCA2, resulted in greater colocaliza- 
tion of EGFR with the lysosome-associated 
protein 1 (LAMP1) and correspondingly less 
colocalization with the endosomal recycling 


A 
Ubv.21.4:USP21 
Ub.wt:USP21 _ 


Fig. 3. Molecular basis for DUB inhibition by Ub variants. (A) Superposition 
of USP21 (yellow) in complex with Ubv.21.4 (purple) and USP21 (gray) in 
complex with Ub.wt (blue). (B) Surface representation of the Ub-binding site of 
USP21 in complex with Ubv.21.4 (wheat tube). Residues in Ubv.21.4 that are 
mutated relative to Ub.wt are shown as colored sticks, and residues on the 
USP21 surface that make contact with these residues are colored red or blue if 
they are <50% or >50% conserved in the sequences of 48 human USPs, 
respectively. (C) Details of the superposition of USP21 in complex Ubv.21.4 or 
Ub.wt, showing the changes in molecular interactions caused by the mutations 
at positions 64 (left), 68 (center), and 70 (right). The Ubv.21.4 side chains are 
colored as in (B), and Ub.wt side chains are colored blue. Main chains and 
USP21 side chains are colored as in (A). Residues are numbered according to 
the PDB files, and asterisks indicate USP residues. (D) Superposition of USP8 
(yellow) in complex with Ubv.8.2 (purple) and apo-USP8 (gray). Dashed ovals 
demarcate structural changes in the zinc finger region (red) or the BL2 loop 
(black) of USP8. (E) Surface representation of the Ub-binding site of USP8 in 
complex with Ubv.8.2 (wheat tube). Residues in Ubv.8.2 that are mutated 
relative to Ub.wt and make contact with USP8 are shown as colored sticks, and 
residues on the USP8 surface that make contact with these residues are 
colored red or blue, as in (B). (F) Details of USP8 in complex with Ubv.8.2, 
showing molecular interactions involving residues in Ubv.8.2 that are mutated 
relative to Ub.wt and are in contact with USP8. The Ubv.8.2 side chains are 
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G upv.2.3:USP2a 
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colored as in (E). Main chains and USP8 side chains are colored as in (D). (G) 
Superposition of USP2a (yellow) in complex with Ubv.2.3 (purple) and USP2a 
(gray) in complex with Ub.wt (blue). (H) Surface representation of the Ub- 
binding site of USP2a in complex with Ubv.2.3 (wheat tube). Residues in 
Ubv.2.3 that are mutated relative to Ub.wt are shown as colored sticks, and 
residues on the USP2a surface that make contact with these residues are 
colored red or blue, as in (B). (I) Details of the superposition of USP2a in 
complex with Ubv.2.3 or Ub.wt, showing changes in molecular interactions 
caused by the mutations at positions 6 (left), 12 (center), and 9 (right). The 
Ubv.2.3 side chains are colored as in (H). Main chains and USP2a side chains 
are colored as in (G). (J) Superposition of OTUB1 (yellow) in complex with Ubv. 
B1.1 (purple) and OTUB1 (gray) in complex with distal Ub.wt (blue) and an E2- 
Ub covalent conjugate consisting of E2 conjugating enzyme UbcH5b (red) and 
Ub.wt (green). (K) Surface representation of the Ub-binding site of OTUB1 
in complex with Ubv.B1.1 (wheat tube). Residues in Ubv.B1.1 that are 
mutated relative to Ub.wt are shown as colored sticks, and residues on the 
OTUB1 surface that are in contact with these residues are colored red. (L) 
Details of the superposition of OTUB1 in complex with Ubv.B1.1 or Ub.wt, 
showing changes in molecular interactions caused by the mutations at 
positions 47 (left), 66 and 68 (center), and 42 and 44 (right). The Ubv.B1.1 
side chains are colored as in (K). Main chains and OTUB1 side chains are 
colored as in (J). 
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interacts with Myc-tagged USP21, as evidenced by immunoprecipitations with anti-Myc followed by immunoblotting 
with anti-Flag. (B) Transfection of Ubv.21.4CA2, but not Ub.wtCA2, causes increased RIP1 ubiquitination. The blot is overexposed so as to reveal the 
ubiquitination state of RIP1. (C) NF-«B—mediated luciferase activity, which is activated by RIP1 transfection and down-regulated by USP21 cotransfection, 
is restored by cotransfection of Ubv.21.4CA2 but not by cotransfection of Ub.wtCA2. (D) Ubv.8.2CA2, but not Ub.wtCA2, binds to USP8 in an EGF- 
stimulation—independent manner, as shown by means of immunoprecipitation of Flag-tagged Ub variants, followed by immunoblotting with antibodies to 
USP8. Immunoblotting of whole-cell lysates (WCLs) with anti-phosphotyrosine (pY) and antibodies to USP8 indicates that EGFR phosphorylation and 
endogenous USP8 concentrations are not affected by the expression of Ub.wtCA2 or Ubv.8.2CA2. An irrelevant mouse antibody was included as negative 
control (first two lanes). (E) Transient expression of Ubv.8.2CA2, but not Ub.wtCA2, leads to increased ubiquitination of EGFR in response to stimulation 
with EGF (10 ng/ml, 10 min) in HEK293 cells stably expressing Flag-tagged EGFR, as shown by means of immunoprecipitation with anti-Flag antibody 
from denatured lysates, followed by immunoblotting with anti-Ub antibody. (F) Expression of Ubv.8.2CA2, but not Ub.wtCA2, leads to decreased levels of 
endogenous EGFR in response to stimulation with EGF, as shown through analysis of total cellular EGFR levels by immunoblotting with antibody to EGFR. 
Immunoblotting of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) indicates that similar amounts of sample were probed. (G) Quantification of 
colocalization of EGFR with EEA1, RAB11, or LAMP observed in immunoflourescence microscopy images. The mean colocalization coefficients, averaged 
from 10 independent single-cell images, represent pixel overlap between EGFR and EEA1, Rab11, or LAMP. The coefficients vary from 0 to 1, with 0 
corresponding to nonoverlapping images and 1 corresponding to 100% colocalization. All error bars represent SD *P < 0.001. (H) Auto-ubiquitination of 
NEDD4 in vitro. Recombinant full-length NEDD4 was incubated for 3 hours with E1, E2 (UbcH7), adenosine 5 -triphosphate (ATP), Ub, and Ub.wtCA2 or 
Ubv.N.2, and the reaction mixture was immunoblotted with antibody to NEDD4. Ubv.N.2 is not a substrate for the E1-E2-E3 enzyme ubiquitination 
cascade because its C terminus does not contain a di-glycine motif (Fig. 2A). (I) Ubiquitination of the NEDD4 substrate YY1 in cells. HEK293T cells were 
transfected with Flag-tagged YY1, V5-tagged NEDD4 (wt or catalytically inactive CS mutant), and Ub.wtCA2 or Ubv.N.2. YY1 was immunoprecipitated with 
antibody to Flag, and gels were immunoblotted for Ub (top) or YY1 (middle). (Bottom) The amount of NEDD4 in the lysates. 


marker Ras-related protein RAB 11, indicating that 
Ubv.8.2CA2 enhances transfer of EGFR from en- 
dosomes to lysosomes (Fig. 4G and fig. S6). These 
results show that Ubv.8.2CA2 interacts with and 
inhibits USP8 in cells, and this results in increased 
ubiquitination and accelerated degradation of ac- 
tivated EGFR in lysosomes. 
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Last, we explored the effects of Ubv.N.2 on 
the activity of the NEDD4 ligase. Purified Ubv. 
N.2 bound to the HECT domain of NEDD4 more 
avidly than did Ub.wt (fig. S7). Unexpectedly, 
Ubv.N.2 enhanced the auto-ubiquitination of re- 
combinant full-length NEDD4 in vitro (Fig. 4H). 
We tested the effect of Ubv.N.2 on NEDD4 in 


cells by monitoring a NEDD4 substrate, the trans- 
cription factor Ying-Yang! (YY1) (43). No ubiq- 
uitination of YY1 was detected in cells transfected 
with catalytically inactive NEDD4, whereas YY1 
was ubiquitinated in cells transfected with wt 
NEDD4, and this ubiquitination was strongly en- 
hanced by the presence of Ubv.N.2 as compared 
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with Ub.wtCA2 (Fig. 41). NEDD4 is auto-inhibited 
by intramolecular protein-protein interactions 
(44), and it is likely that Ubv.N.2 alleviates this 
inhibition. 

Through engineered optimization of the low- 
affinity interactions between Ub and enzymes 
of the ubiquitin system, we were able to devel- 
op potent and selective modulators of ubiquitin 
system activity. Structural analyses explained 
the higher affinity of the Ub variants and un- 
derscored the plasticity of the Ub fold as a rec- 
ognition scaffold. Ub variants cause target- 
specific effects on enzyme activity and can act 
as simple competitive inhibitors in the case of 
some USPs, as both a competitive inhibitor of 
catalytic function and an allosteric attenuator 
of Ub~UbcHSb docking in the case of OTUB1, 
or as enhancers of ubiquitin ligase activity in 
the case of NEDD4. 

Collectively, these results show that the dy- 
namic interactions of Ub can be harnessed to 
develop selective modulators of major enzyme 
classes in the ubiquitin system. Our findings 
illustrate a previously unappreciated feature of 
ubiquitin itself, namely that the extreme sequence 
conservation of ubiquitin is likely dictated by 
the constraints of low-affinity interactions with 
hundreds of partners, few if any of which can 
tolerate mutational drift toward higher-affinity 
interaction. As we illustrate here, Ub variants 
will serve as useful genetic probes to assess and 
modulate ubiquitin system function in vivo. 
Applications of Ub variants in drug discovery 
will include target validation, competition-based 
screening assays, and structure-guided design 
of small-molecule mimetics of the stabilized Ub- 
target interface. 
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PTT ye The WS6 downflow workstation is designed especially for histology and pathology labora- 
wvaraine| misono [== [EES tory analysis. The compact, versatile design of the WS6 makes a variety of installation for- 
mats possible according to individual needs. By drawing contaminated air downward into the 
stainless steel work surface, the WS6 provides excellent containment of potentially harmful 
vapors present when cutting or staining samples. Contaminated air is then drawn through a 
two-stage filter system for maximum fume adsorption. The advanced coconut shell carbon 
filtration media is designed to adsorb chemical vapors as well as neutralize a wide range of 
chemicals commonly used in histology and pathology. The open design and downward airflow 
pattern of the WS6 makes the unit particularly suited for microscopy work, or where close 
visibility is required. The workstation is ergonomically designed with integral fluorescent 
i lighting to evenly illuminate the entire work surface, providing glare-fee viewing, and helping 
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LASER SHUTTERS 

SafeClose laser shutters, based on the proven rotor drive actuation tech- 
nology modified to close on power down. The proprietary Rotor Drive 
actuator provides a reliable, multimillion-cycle operation and ability to 
withstand harsh environmental conditions, including wide temperature 
variations (from -40°C to +70°C), high shock, and vibration in a clean 
environment. Designed for laser safety and laser switching, the Safe- 
Close shutter was designed to be highly reliable and to always maintain 
laser safe conditions by closing automatically when power is interrupt- 
ed. The fail-safe magnetic return mechanism guarantees that the blade 
will reliably close upon signal interruption. The SafeClose shutter does 
not require a separate controller and a simple 9V DC signal is suffi- 
cient to actuate the shutter and hold it open. With its small diameter/ 
aperture, SafeClose shutters work efficiently with small beam diameter 
lasers and provided with a standard gold-plated blade design for high 
laser damage thresholds. 
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DIGITAL PCR SYSTEM 

The QuantStudio 3D Digital PCR System is a scalable, chip-based in- 
strument that features a simple workflow with minimal hands-on time. 
Designed with a scalable architecture, the QuantStudio 3D Digital PCR 
System’s first generation chips enable up to 20,000 data points in a sin- 
gle run—coverage that satisfies the needs for most digital polymerase 
chain reaction (PCR) applications today. The capacity of future chips 
will increase exponentially to meet increasing demands of the research 
community. Digital PCR takes researchers beyond the limits of real- 
time PCR for applications that require absolute quantitation of targeted 
DNA molecules. Additionally, Life’s simple workflow and chip-based 
platform reduce the risk of sample contamination and loss of DNA nor- 
mally associated with droplet-based systems. The technology is ideal for 
accurately detecting rare mutations important in cancer or infectious 
diseases. It is also increasingly used as a mechanism to perform quality 
control experiments on next generation sequencing libraries. 

LIFE TECHNOLOGIES 
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eliminate operator fatigue. 
MYSTAIRE MISONIX 
For info: 919-229-8511 | www.mystaire.com 


CHILLER UNIT 

The FlowSyn Polar Bear is a state-of-the-art chiller unit which, in com- 
bination with FlowSyn Continuous Flow Reactor, allows users to per- 
form and control reactions down to -88°C. The FlowSyn Polar Bear 
is ideal for precooling reagents and controlling temperature in highly 
exothermic reactions. The system is compatible with the FlowSyn range 
of reactor modules and is designed to prevent ice formation so that 
you can clearly observe reactions as they occur. With its fully integrated 
plug-and-play design, the Polar Bear is both easy to install and simple 
to operate as well as providing superb cooling performance. The Polar 
Bear uses advanced cooling technology without the need for solid CO,, 
solvents, or heat transfer fluids to deliver rapid cooling down to -88°C 
at the simple touch of a button. The Polar Bear module is compatible 
with all Uniqsis coil reactors and mixer blocks and works in combina- 
tion with and can be controlled by any FlowSyn flow reactor system. 
UNIQSIS 

For info: +44-(0)-8458-647747 | www.uniqsis.com 


COMBUSTION SYSTEM 

The Model OFCU-1 from Exeter Analytical provides a safe tool for 
preparing samples for elemental analysis of halogens, phosphorus, and 
sulfur using the Oxygen Flask Combustion procedure. The oxygen flask 
combustion procedure is provided as the preparatory step in the deter- 
mination of bromine, chlorine, fluorine, iodine, phosphorus, and sulfur 
in some Pharmacopeial articles. Combustion of the material under test 
(usually organic) yields water-soluble inorganic products, which may be 
analyzed for specific elements as directed in the individual Pharmaco- 
peia monograph or general chapter. The oxygen flask combustion pro- 
cedure using the OFCU-1 can be used for repeatable determination of 
elemental composition from percentage levels to parts per million. The 
durably constructed Oxygen Flask Combustion Unit (OFCU-1) copes 
easily with a wide range of sample types and is very simple to set up, 
use, and maintain. The OFCU-1 remotely ignites samples inside a safety 
interlocked chamber using focused infrared heat from two tungsten- 
halogen lamps. 

EXETER ANALYTICAL 

For info: +44-(0)-2476-323223 | www.exeteranalytical.co.uk 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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LILIANE BETTENCOURT 
PRIZE FOR 


CIENCES 


Z2OT2 
LIFE 


The 16" Liliane Bettencourt Prize for Life Sciences was awarded to 
Cédric Blanpain, Professor of Stem Cell and Developmental Biology 
and WELBIO investigator, at the Interdisciplinary Research Institute of 


he Université Libre de Bruxelles. 


eading a particularly promising research pro 
qualities for mobilising an entire team. 


Recognised in 1987 as a public interest fo 


ject and have t 


undation, the 


The Liliane Bettencourt Prize for Life Sciences, worth € 250,000, has 
been awarded every year since 1997 to a European researcher under 
he age of 45, who is recognised within the scientific comm 
quality of his international publications. In addition to his status as an 
author and leader in his own scientific field, the candidate must be 


unity for the 


he personal 


Bettencourt 


Schueller Foundation was set up by Liliane 


Bettencourt, in 


memory of 


her father Eugéne Schueller, a renowned researcher and chemist. Its 


goal is to constantly expand the boundaries of knowledge in the life 
sciences in order to improve public health; to reveal talent and pass on 
expertise within the field of artistic creativity; and to relieve suffering, 
combat exclusion and respond to social welfare emergencies. 


aT 


2012 PRIZE WINNERS 
CEDRIC BLANPAIN 


Cédric Blanpain is Professor of Stem Cell 
and Developmental Biology and WELBIO 
Investigator at the Université Libre de 
Bruxelles (ULB). He qualified as a Doctor 
of Medicine at the ULB in 1995 and holds 
a PhD in Medical Science from the same 
University. After postdv octoral research 
at the Rockefeller University in New York, 
he returned in 2006 to his native Belgium, 
where he heads his own lab at the 
Interdisciplinary Research Institute for 
Human and Molecular Biology. 


Cédric Blanpain’s work on skin cancer has 
shown that cancerous tissue may contain 
stem cells responsible for tumor growth 
and which may explain resistance to 
anticancer treatments. He has also 
demonstrated the existence of two 
separate populations of mammary stem 
cells; a paradigm shift with major 
implications for the understanding of the 
cellular origin of breast cancer and 
variations in prognosis. He is currently 
focusing on a new type of stem cell that 
contributes to wound healing in the skin 
epidermis, as well as further investigating 
the different types of mammary gland stem 
cells and whether the cancer stem cell 
mechanisms identified in skin tumors are 
also present in other cancers. 


\@ 


FONDATION 
BETTENCOURT 
SCHUELLER 


Bettencourt Schueller Foundation 
27-29 rue des Poissonniers 
92200 Neuilly-sur-Seine ¢ France 
www.fondationbs.org 
Contact : sciences@fondationbs.org 


R&D Systems Cytokines & Growth Factors 


Setting the Standard for the Life Science Industry 
for over 25 Years 


/Y R&D Systems currently offers more than 3,000 bioactive recombinant proteins 
/¥ Weare the most referenced manufacturer of recombinant & natural proteins 


Y Our scientists are dedicated to developing the highest quality products & new processes that meet the needs of researchers 
High purity proteins, traditional & cell culture grade + Animal-free proteins - GMP proteins 


B. 
Mouse Wnt-3a 
2 kDa (High Purity) 
A. Activity Comparison Data for Recombinant Mouse Wnt-3a. The 
a 92— MC3T3-E1 mouse preosteoblast cell line was treated with increasing 
a concentrations of R&D Systems Recombinant Mouse Wnt-3a (Catalog # 1324- 
s oa WN) or with mouse Wnt-3a from two other companies. The R&D Systems 
21 ‘ protein shows greater than a four-fold increase in activity compared to the 
= ee . . . 
Fs other commercially available proteins. 
= 36— 
= 79-1 B. SDS-PAGE Analysis of High Purity Recombinant Mouse Wnt-3a. High 
Purity Recombinant Mouse Wnt-3a (Catalog # 1324-WNP; 1 yg/lane) was 
07 loaded on a 12% SDS-PAGE gel under reducing conditions and visualized by 
. Tn a ti, ry 22- 
0.01 0.1 1 10 100 1000 18— silver staining. 
Wnt-3a (ng/mL) 


www.RnDSystems.com/CytokinesGrowthFactors 


R&D Systems Tools for Cell Biology Research” 


For research use only. Not for use in diagnostic procedures. 
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~ 281th ANNUAL ~ 
MOLECULAR BIOLOGY SUMMER WORKSHOPS 


Learn Molecular Biology in 2 Weeks! 


We are pleased to announce the twenty-eighth annual Molecular Biology Summer Workshops, sponsored 


by New England Biolabs in conjunction with Smith College. Workshops are held at Ford Hall, Smith College, 
Northampton, MA, USA. Well over 3,000 people have graduated from this intensive training program in the past 
twenty-seven years. These intensive courses emphasize hands-on molecular biology laboratory work and cover a 
wide variety of topics and techniques. This course is the largest and longest running molecular biology course for 


professionals in the world. No prior experience in molecular biology is required. 


when: where: to apply: 


two-week sessions: Ford Hall website: 
Session 1: June 9 - June 22, 2013 Smith College http://wwwscience.smith.edu/neb 
Session 2: July 7 - July 20, 2013 Northampton, MA USA 01063 email: 


Dr. Steven A. Williams, Director biolabs@smith.edu 


phone: 
(413) 585-3915 


Two-week Molecular Biology Sessions Available topics /techniques: 


Both two-week long courses cover in-depth DNA cloning, PCR, DNA sequencing, genomics, * gene cloning 
next-gen sequencing and bioinformatics. Learn hands-on techniques used in gene expression (and library construction) 


analysis including microarray analysis, RNAi and quantitative RT-PCR, bioinformatics and * gene expression analysis 


genomics and proteomics. 2k 
¢ PCR and quantitative RT-PCR 


application information: No previous experience in molecular biology is required or F has . 
ae j : : eee * genomics and bioinformatics 
expected. Forty participants per session will be selected from a variety of disciplines and 


academic backgrounds, including principal investigators, directors of programs, medical * DNA sequencing 

doctors, postdoctoral fellows, graduate students, research assistants, sales associates, & next-gen sequencing 
equipment engineers, etc. ¢ RNAi, siRNA and microarrays 
fee: $4300 per participant. This fee includes lab manual, use of all equipment and supplies, * and much more — visit our 


and room and board (all rooms are singles). website for a complete list! 


application deadlines: June 1, 2013 for session 1 and July 1, 2013 for session 2. 
First come, first served (apply now!). Late applications will be accepted on a space available basis. NEW ENGLAND 


° 
payment deadline: Three weeks following receipt of your email acceptance letter. l oLab 1S: 
Inc. 


www.neb.com 


Image Credit: NASA 


Space Is Closer Than You Think. 


The International Space Station provides research conditions that simply can’t be replicated on Earth. CASIS offers 
cost-effective access to the International Space Station - enabling groundbreaking discoveries and advancements 
that will give your research a competitive edge. 


Access to microgravity, extreme temperature cycling, ultra-vacuum, and much more - in the world’s most advanced 
lab - it’s all closer than you think. Visit iss-casis.org to learn more today. 


CASIS 


Cambridge Healthtech Institute’s Twelfth Annual 


Bio!T World 


CONFERENCE & EXPO ’13 


April 9-11, 2013 © World Trade Center © Boston, MA 


Enabling Technology. Leveraging Data. Transforming Medicine. 


CONFERENCE TRACKS: 
9 IT Infrastructure — Hardware 
Software Development 

Eq Cloud Computing 
Bioinformatics 

5 | Next-Gen Sequencing Informatics 
Gy Systems Pharmacology 
eClinical Trials Solutions 
Ey Data Visualization NEW! 

9 | Drug Discovery Informatics 
Clinical Omics NEW! 


QJ Collaborations and Open 
Access Innovations 


Cancer Informatics 


KEYNOTE PRESENTERS: 


Atul Butte, M.D., Ph.D., Division Chief 
and Associate Professor, Stanford 
University School of Medicine; Director, 
Center for Pediatric Bioinformatics, 
Lucile Packard Children’s Hospital; 
Co-founder, Personalis and Numedii 


Andrew L. Hopkins, D.Phil, FRSC, FSB, 
Division of Biological Chemistry and 
Drug Design, College of Life Sciences, 
University of Dundee 


Be Sure to Mention Keycode L35 
when Registering 


al Organized by: 
GMM Cambridge Healthtech Institute 


Register Early for 
Maximum Savings! 


PLENARY SESSION: 

The Life Sciences C10 Panel 

From managing big data and cloud computing capabilities to building 
virtual communities and optimizing drug development, the life sciences 
ClO has to be a firefighter, evangelist, visionary. In this special plenary 
roundtable, Bio-IT World invites a select group of ClOs from big pharma, 
academia and government to discuss the major issues facing today's 
biosciences organization and the prospects for future growth and 
organizational success. 

Special guests: 

Remy Evard — C10, Novartis Institutes for BioMedical Research 

Martin Leach — CIO, Broad Institute 

Andrea T. Norris — Director, Center for 

Information Technology (CIT) and C10, NIH 

Gunaretnam Rajagopal — C/O, Johnson & Johnson 

Cris Ross — ClO, Mayo Clinic 


Bio-ITWorldExpo.com 


Five Steps to a Successful 
Sabbatical 


University life can be a grind of teaching, grant writing, and department politics. 


But every seven years, faculty members get a magical opportunity that is coveted by 
nonacademics: sabbatical leave. In this period of career development, a professor 
might learn new techniques, expand a research program, or finish off that book or 
pile of languishing manuscripts. The dream starts with meticulous advanced plan- 
ning, but ends best for those who are adaptable and open-minded. Here are five 
pointers from professors with recent sabbatical experience. 


See full story on page 599. 
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Innovations and Opportunities: India—February 22 
Postdocs: Identifying Opportunities—March 8 
Regional Focus: Germany—March 22 


MN AAAS'|2013 THE BEAUTY AND 


ANNUAL MEETING BENEFITS OF SCIENCE 


14-18 FEBRUARY e BOSTON HYNES CONVENTION CENTER 


Final reminder to register 
online before joining us in 
Boston. 


= a | Ee “| > ~~ 5H Visit the Annual Meeting 
a “ae | 7 website for registration and 
ie ae program information. 


See you soon in Boston! 


Connect to the meeting 
on your mobile device. 


The 2013 AAAS Annual Meeting app 
gives you complete access: 
Build your itinerary and take it with you. 
Browse sessions, speakers, and maps. 


Be connected...wherever you go. 


WEBINAR 


Advancing Cancer 


Genomics: 


The Impact of Personalized 
Genome Sequencing 


MONDAY, FEBRUARY 25, 2013 
12 noon ET, 9 a.m. PT, 5 p.m. GMT, 6 p.m. CET 


High throughput sequencing technologies have proven to be critical 
tools in understanding the molecular basis of disease, particularly in 
oncology. Recent advances have enabled characterization of the ge- 
netic mechanisms of cancer, revealing variants associated with novel 
pathways that determine tumor formation and response to treatment. 
The clinical potential of sequencing technologies in the diagnosis and 
treatment of diseases has now been demonstrated, but challenges re- 
main, particularly in sample preparation and data interpretation. In this 
webinar our expert panel will describe recent discoveries in cancer ge- 
nomics and inherited diseases, and how these advances are enabling 
personalized medicine and the individualization of treatment. 


During this webinar, viewers will: 


* Gain insight into how mining tumor genomes can lead to better 
understanding of cancer 


* Learn how technologies are being applied to tumor genome analysis 


+ Improve their understanding of the pain points in genome analysis 
and how they can be overcome. 


+ Have the opportunity to ask questions of the expert panel, live! 


webinar.sciencemag.org 


| REGISTER NOW! 


Webinar sponsored by 
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Elaine Mardis, Ph.D. 
Washington University School 
of Medicine 

St. Louis, MO 


Michael Snyder, Ph.D. 
Stanford University 
Stanford, CA 


Philip Stephens, Ph.D. 
Foundation Medicine 
Cambridge, MA 


Brought to you by the 
Science/AAAS Custom 
Publishing Office 


Illuminate a 
Cancer Biology 


The complexity of cancer systems biology requires 
innovative tools for interrogating the signaling pathways 
responsible for oncological transformation. 
Promega’s integrated tools for reporter 
gene analysis assure biologically 
relevant results in cancer research. 


cy 
cs 
NG — c\ 
FuGENE® HD 

The next generation 
transfection reagent, 
effective on almost every 
cell type with virtually 
no cell toxicity 


ONE-Glo™ + Tox 
Multiplexed reporter 
gene analysis with off- 
target toxicity detection 
in the same well 


New! NanoLuc™ 

and pGL4 Tox Vectors 
Introducing NanoLuc - the 
brightest, smallest, luciferase 
available - plus a new line 

of pGL4 response element 
vectors for mapping 
oncological pathways 


© To get a FREE sample of any one of these reagents, visit: 
Promega www.promega.com/pathwaybiology 
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ioe in 1564, Galileo Galilei once contemplated a career in the priesthood. It’s perhaps fortunate 
for science that upon the urging of his father, he instead decided to enroll at the University of 
Pisa. His career in science began with medicine and from there he subsequently went on to become 
a philosopher, physicist, mathematician, and astronomer, for which he is perhaps best known. His 
astronomical observations and subsequent improvements to telescopes built his reputation as a 
leading scientist of his time, but also led him to probe subject matter counter to prevailing dogma. 
His expressed views on the Earth’s movement around the sun caused him to be declared suspect 


of heresy, which for some time led to a ban on the reprinting of his works. 
Galileo’s career changed science for all of us and he was without doubt a leading light in the 
scientific revolution, which is perhaps why Albert Einstein called him the father of modern science. 


Want to challenge the status quo and make the Earth move? At Science we are here to help you 
in your own scientific career with expert career advice, forums, job postings, and more — all for free. 
For your career in science, there’s only one Science. Visit ScienceCareers.org today. | bees 
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For your career in science, there’s only one | Science PN AAAS 


ScienceCareers.org 


Career advice Jobpostings JobAlerts CareerForum Crafting resumes/CVs Preparing for interviews 


online @sciencecareers.org 
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Science Careers 
Advertising 


For full advertising details, go to 
ScienceCareers.org and click 
For Employers, or call one of 
our representatives. 


Tracy Holmes 

Worldwide Associate Director 
Science Careers 

Phone: +44 (0) 1223 326525 


THE AMERICAS 


E-mail: advertise@sciencecareers.org 
Fax: 202-289-6742 


Tina Burks 
East Coast/West Coast/South America 
Phone: 202-326-6577 


Allyson Rosen 
Midwest/Canada/Corporate 
Phone: 202-326-6578 


Marci Gallun 
Sales Administrator 
Phone: 202-326-6582 


Online Job Posting Questions 
Phone: 202-312-6375 


EUROPE /INDIA/AUSTRALIA/ 
NEW ZEALAND / REST OF WORLD 


E-mail: ads@science-int.co.uk 
Fax: +44 (0) 1223 326532 


Lucy Nelson 
Phone: +44 (0)1223 326527 


Kelly Grace 
Phone: +44 (0) 1223 326528 


APAN 

Yuri Kobayashi 

Phone: +81-(0)90-9110-1719 
E-mail: ykobayas@aaas.org 


CHINA/KOREA/SINGAPORE/ 
TAIWAN / THAILAND 


Ruolei Wu 
Phone: +86-1367-1015-294 
E-mail: rwu@aaas.org 


All ads submitted for publication must comply 
with applicable U.S. and non-U.S. laws. Science 
reserves the right to refuse any advertisement 
at its sole discretion for any reason, including 
without limitation for offensive language or 
inappropriate content, and all advertising is 
subject to publisher approval. Science encour- 
ages our readers to alert us to any ads that 
they feel may be discriminatory or offensive. 
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Nebraska FOOD ALLERGY RISK ASSESSMENT SPECIALIST 
. ASSISTANT PROFESSOR 

Lincoln — are 
The Department of Food Science and Technology, University of Nebraska — Lincoln is seeking applicants for 
a 9-month, tenure-track Food Allergy Risk Assessment Specialist faculty position. The successful candidate 
will be one of four faculty involved in the world-renowned Food Allergy Research & Resource Program 
(FARRP), a food industry-funded consortium with more than 70 member companies. The candidate will be 
expected to develop and lead a food allergy research team on the development and application of quantita- 
tive risk assessment approaches related to food allergen residues. This will include assembling critical input 
information for risk assessments by conducting and coordinating research on the threshold levels for food- 
allergic individuals, the consumption patterns of food-allergic individuals, and the distribution of allergen 
residue levels in various food product categories. The candidate will also contribute to existing national 
and international extension efforts assisting food and related industries in the quantitative assessment of 
food allergen risks, implementation of allergen control programs, and application of appropriate sanitation 
approaches. The candidate will also provide training in the use of analytical systems for detection of allergen 
residues using individual consultations, seminars, workshops, webinars, and on-site and distance education 
approaches. The position will have a teaching component through regular and distance learning approaches. 
The appointment split will be 50% research, 40% Extension, and 10% teaching. 


Additional opportunities are available through FARRP’s existing worldwide network of clinical, biochemical, 
risk assessment, and applied research and outreach collaborators in the U.S., Canada, Europe, and Australia. A 
candidate with the ability to expand those collaborations is sought. National and international travel is integral 
to this position. Collaborative opportunities also exist at UNL especially with faculty in the Department of 
Statistics where a courtesy appointment is available to an interested and capable candidate. The Department 
of Food Science and Technology is housed in a modern, well-equipped facility. 


Applicants must have a Ph.D. or equivalent in food science, statistics, toxicology, immunology or a related 
field and experience related to chemical and/or food-related risk assessment. Experience related to allergenic 
foods is preferred but not required. Experience interacting with food and related industries is preferred but 
not required. Excellent verbal and written communication skills are also required. 


For further details and to apply for this position visit http://employment.unl.edu, REQUISITION NUMBER 130008. 
Complete the Faculty/Administrative form and attach a Curriculum Vitae, the names and contact informa- 
tion of three (3) references and a Letter of Application that includes a two page description of your proposed 
research program, a one page description of your vision for Extension efforts related to food allergies and 
risk assessment together with a brief statement of your experiences interacting with the food industry. Letters 
from your three references must be sent to Sara Weixelman, University of Nebraska — Lincoln, 221 Chase 
Hall, Lincoln, NE 68583-0726 and must be received no later than March 10, 2013. Application review will 
begin on March 15, 2013 and continue until the position is filled. 

The University of Nebraska has an active National Science Foundation ADVANCE gender equity program, 

and is committed to a pluralistic campus community through affirmative action, equal opportunity, work- 
life balance, and dual careers. 


Neural Circuits Underlying Movement 


DA LHOUSIE Assistant Professor 
UNIVERSITY Dalhousie University 

Inspirine Minds 2epartment of Medical Neuroscience 
Oe Halifax, Nova Scotia, Canada 
The Department of Medical Neuroscience at Dalhousie University invites applications to fill a 
probationary tenure-track position at the rank of Assistant Professor. Applicants must hold a PhD 
or MD degree or the equivalent, with a minimum of three years postdoctoral training in biomedical 
sciences. The successful candidate will be expected to establish a research program in the development 
or function of neural circuits underlying movement. The candidate will join a dynamic group of 
neuroscientists in the Life Sciences Research Institute, studying the development, physiology, and 
pathophysiology of motor system circuitry. This group forms the core of the Atlantic Mobility Action 
Project (www.amap.ca), which undertakes a combination of basic and clinical neuroscience research 
and is part of an interdisciplinary neuroscience community at Dalhousie University. Outstanding core 
facilities available within the Faculty of Medicine include: Cellular and Molecular Digital Imaging, 
Proteomics, Maritime Brain Tissue Bank, Gene Analysis, Flow Cytometry, a new Animal Facility, and 
a Zebrafish Facility (research.medicine.dal.ca/core.htm). 


Salary will be commensurate with qualifications and experience. The candidate will be expected to 
compete for external research and salary support, supervise graduate students, and contribute to the 
teaching activities of the Department. We are committed to the success of our faculty members and 
provide modern laboratory space, startup funds, and mentorship. Further information concerning the 
members of the Department may be obtained by consulting our website (www.medical-neuroscience 
-medicine.dal.ca). Dalhousie University is located in the historic port city of Halifax, with excellent 
recreational, cultural, and lifestyle opportunities (www.halifax.ca/visitors.asp). 


Applicants should submit a curriculum vitae, a brief statement of research plans, teaching goals/ 
interests and should arrange to have three letters of reference sent under separate cover to: Search 
Committee, Department of Medical Neuroscience, Faculty of Medicine, 5850 College St., PO Box 
15000, Sir Charles Tupper Medical Building, Dalhousie University, Halifax, Nova Scotia B3H 4R2 
Canada. Closing date for receipt of applications is April 1, 2013. Starting date is negotiable, however 
it is intended that the position will be filled by September 1, 2013. 


All qualified applicants are encouraged to apply; however, Canadians and permanent residents 
will be given priority. Dalhousie University is an Employment Equity/Affirmative Action Employer. 
The University encourages applications from qualified Aboriginal people, persons with a disability, 

racially visible persons, and women. 
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Five Steps to a Successful 
Sabbatical 


University life can be a grind of teaching, grant writing, and department politics. But 
every seven years, faculty members get a magical opportunity that is coveted by nonac- 
ademics: sabbatical leave. In this period of career development, a professor might learn 
new techniques, expand a research program, or finish off that book or pile of languish- 
ing manuscripts. The dream starts with meticulous advanced planning, but ends best 
for those who are adaptable and open-minded. Here are five pointers from professors 


with recent sabbatical experience. By Chris Tachibana 


Go For It 
A sabbatical leave can mean interrupting your research, getting paid 
less, and disrupting family life. But ask professors if their sabbatical was 
worth the effort and they answer with one voice: yes. Go all the way, 
they say. Take a full year and go to a new city or country, if you can. 
Why? New environments, fresh perspectives, and unfamiliar routines 
boost your creativity. Robert Austin offers personal and empirical 
evidence. In 10 years he has held faculty positions at Harvard and Co- 
penhagen Business Schools, and is now dean of business administration 
at the University of New Brunswick, Canada. He says, “Being out of 
your ordinary surroundings makes you establish new relationships and 
collaborations and lets you present your ideas in a different context.” 
People in other countries or even other institutes view your work from 
a different perspective, informed by the prevailing models and cultures 
of their region, he says. “They give you reactions and feedback that 
are different from your colleagues at home.” Austin’s research shows 
that groundbreaking ideas can develop when unexpected events—ac- 
cidents—happen to people with the expertise to recognize potential 


innovations. Being in a new situation invites these serendipitous events. 


Get Away (Ait Least Mentally) 
A sabbatical can be revitalizing. A 2010 study (www.ncbi.nlm.nih.gov/ 
pubmed/20718526) compared faculty members at 10 universities in 
Israel, New Zealand, and the United States who did and did not take 
sabbatical leave. People who had a sabbatical had better self-reported 
scores for life satisfaction, stress, and other measures of well-being than 
those who did not. The secret to achieving benefits was detachment: 
escaping the usual routine and being left alone by the home institution. 
“The trick to a sabbatical is getting away from things that you find 
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Postdocs: Identifying Opportunities—March 8 
Regional Focus: Germany—March 22 


stressful,” says Paul Spector, professor 
of organizational psychology at the Uni- 
versity of South Florida, and an author on 
the study. “Don’t just do the same work 
somewhere else.” At the University of 
New Brunswick, Austin advises his own 
faculty members to leave campus for 
their sabbaticals, “although I say this at 
some risk as a dean, because they might 
not come back.” 

People with children and working 
spouses might find this advice impracti- 
cal, but Glenn Starkman’s entire family 
came along on his sabbatical. He is a pro- 
fessor of physics and astronomy at Case 
Western Reserve University, currently 
working at CERN in Switzerland, site of 
the Large Hadron Collider. The family 
knew about life abroad from earlier years 
at Oxford and CERN, and Starkman said 
they thought carefully about how to get 
the most out of their opportunity. His 
wife, Debby Rosenthal, is a literature 
professor who planned a sabbatical at the 
same time. They lured their teenage chil- 
dren with promises of the world’s best 
cheese and chocolate, and the chance 
to experience a different culture and 
language but attend school in English. 
Fortunately, CERN contributes to 
tuition at an international school, which 
Starkman says “brings the cost [down] to 
merely expensive.” Planning a sabbatical 
abroad takes time. Especially if you are 
taking your family, says Starkman, ex- 
pect two rather unproductive transition 
months. The payoff? “You'll gain nine or 
10 very productive months, and it’ll all be 
worth it.” continued> 
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“You'll gain nine or 
10 very productive 
months, and it'll all 
be worth it.” 

—Glenn Starkman 


Paul Spector 
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Paul Spector took his own advice about getting away 
when he took a sabbatical without leaving town. “I had 
a young kid, so I stayed home for eight months and 
worked. I didn’t go to the office, I told my colleagues 
I'd be away, and they left me alone.” Spector told his 
graduate students in advance to not schedule their de- 
fense during his sabbatical. He used his time for pro- 
fessional development that he had been putting off. “I 
spent a week learning about logistic regression,” he says, 
“because it was something I wanted to learn but never 
had time before. I had a great eight months and came 
back recharged.” 


Start Planning, Now 

Reconfiguring a professional and personal life takes se- 
rious planning. Sabbaticalhomes.com can help with re- 
location. Meet with your university’s human resources 
department to find out how a leave will affect paychecks, 
taxes, and benefits, advises a blog at The Chronicle of 
Higher Education (chronicle.com/blogs/profhacker/ 
author/nhighberg). Since many universities reduce salary 
during sabbaticals, look for funding opportunities, but 
start early. Applications for government and foundation 
grants such as Fulbright or Guggenheim fellowships are 
due more than a year before funding starts. Finally, tell 
your institution what other resources you need. Universi- 
ties realize that sabbaticals promote recruitment and re- 
tention, so they want to help. 

The University of North Carolina (UNC) Department 
of Medicine gave Michael Pignone, chief of general internal medi- 
cine, a physician’s assistant to support his six-month visit to the Univer- 
sity of Sydney, Australia in 2010. After working alongside Pignone for 
several months, the assistant managed Pignone’s primary care patients 
while he was gone. Pignone’s sabbatical project was part of a five-year 
National Institutes of Health (NIH) Established Investigator grant and 
was also funded by an Australian-American Health Policy fellowship. 
Pignone says the formal applications made him start thinking about his 
sabbatical about three years in advance. “They forced me to plan ahead, 
and I’m glad I did that,” he says. He arranged his administrative and 
mentoring responsibilities to avoid major decisions, grants, or activities 
while he was away. 

Pignone’s school-age children and his wife Lisa Fail, who could work 
remotely, went along and had a great time. He says going to an English- 
speaking country and returning in June, as summer vacation was start- 
ing, made the transition easier for his family. If you’re making the effort 
to go to another country, consider a full year, he says, because “honestly, 
six months went by pretty fast.” 

Professors at small colleges can also get NIH support through the 
Academic Research Enhancement Award (AREA, or R15) program, 
which supports biomedical and behavioral sciences research at educa- 
tional institutions that do not have large NIH grants. National Science 
Foundation funding is another option. Rebecca Whelan, a newly ten- 
ured chemistry/biochemistry associate professor at Oberlin College in 
Ohio, which has 3,000 undergraduates, received an R15 grant for her 
sabbatical. Whelan is developing new cancer tests based on synthetic 


© 
“Being out of 


your ordinary 
surroundings 
makes you 
establish new 
relationships and 
collaborations 
and lets you 
present your ideas 
in a different 
context.” 


—Robert Austin 


DNA molecules that bind to a specific target. To devel- 
op the assays, she needed two resources not available at 
Oberlin: specific ovarian cancer cell lines and a flow cy- 
tometer to test binding to the cells. “Flow cytometry is 
the type of technology that requires a core facility,” says 
Whelan. “It’s just not something we have at Oberlin.” 

Detailed, advanced planning drove the success of 
Whelan’s sabbatical. She had to develop her idea, line 
up a host lab, and submit a grant proposal in time to re- 
ceive funding during her planned leave. Her advice: “Be- 
gin thinking strategically two or three years ahead to get 
funding and establish a relationship with the lab where 
you'll spend your sabbatical.” 

To find a host lab, Whelan cold-called (or rather, e- 
mailed) a researcher she cited often in her publications 
but hadn’t met. Manish Patankar, associate professor of 
obstetrics and gynecology at University of Wisconsin- 
Madison said Whelan’s sabbatical proposal caught his eye 
because it was clear, complete, and within the scope of 
his main research program, but with a different angle and 
a new approach. It was the beginning of a fruitful col- 
laboration. Back in her Oberlin lab, Whelan has enthusi- 
astic undergraduates advancing the project and continues 
working with Patankar. “We’re writing a manuscript with 
one or two in the pipeline,” she says, “and we’re working 
on getting Oberlin students to the University of Wiscon- 
sin for a summer.” Patankar urges professors at large uni- 
versities to consider sabbatical requests from motivated 
researchers from small colleges. He says, “A place like 
Oberlin is small only in terms of student population. They have some 
really nice resources and research.” 

Both Whelan and Pignone reiterate the importance of getting away. 
“Most of us are conscientious and want to participate in our depart- 
ment, so we’ll always be pulled back,” says Whelan. But she recom- 
mends protecting your time and setting a high threshold for partici- 
pating in meetings. “I did a phone conference for a tenure case in our 
department, but I let all the other stuff slide by,” she says. “You don’t 
have to physically get away, but you must get away mentally.” If you 
think you could be persuaded to return to your home institution, make 
it hard to travel back. Pignone said being in Australia, nearly a full day’s 
travel from North Carolina, was an advantage. Flying back was simply 
impractical. 

If you are in the European Union or an associated country or 
arranging a sabbatical there, Marie Curie Actions offer a variety of 
fellowship opportunities. Although known as an excellent source 
of postdoctoral funding, the fellowships can also support established 
investigators as visiting scientists. Michal Feldman, an associate 
professor at the Hebrew University of Jerusalem, is visiting the Harvard 
School of Engineering and Applied Sciences on a Curie grant. She offers 
this advice: The application for her International Outgoing Fellowship 
was complex, she says, so plan ahead. You'll need details about your 
research plan, your collaborative arrangement, and the facilities at 
the institute you will be visiting. In addition, you must describe the 
larger goals of your fellowship and how you intend to achieve them. 
The application requires a complete description continued> 
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CREDIT: MARIA'S PORTRAIT STUDIO (FREDERICTON, NB CANADA) 


Department of Health and Human Services 
National Institutes of Health 
Center for Human Immunology, Autoimmunity, and Inflammation 
Division of Intramural Research 


STAFF SCIENTIST/LAB LEADER 


The NIH Center for Human Immunology, Autoimmunity and Inflammation (CHI) is a trans-NIH initiative that studies the human immune system in 
health and disease using high-throughput multi-dimensional assays, and then integrating the dense data sets using advanced computational approaches. 
The Staff Scientist/Lab Leader position is located in CHI’s Genomics Laboratory, and leads a group of 3 who perform the work of the laboratory. 
Responsibilities include: gene expression profiling, miR profiling, SNP scan, next generation sequencing, and biomarker validation using cutting edge 
technologies and instruments for clinical samples, and generating metadata spread sheets for data analysis; clinical sample processing and preservation 
(up to 40 samples/day for both serum and cells, hundreds of samples/ year), biorepository inventory, sample tracking, and distribution; development of 
SOP’s and experimental QC; maintenance of lab instruments; training research fellows, lab technicians and collaborators in new technologies; working 
a flexible schedule as dictated by clinical protocols. 


The selected individual will have the following qualifications: M.D. or Ph.D. in a life sciences-related discipline, M.D./Ph. D. or M.D./MLS. preferred; 
minimum of 8 years experience in life sciences research, and more than 5 years hands on experience in biomedical research utilizing multiple high 
throughput technologies, with multidimensional data collection and analysis; extensive experience and capability in adapting new technologies and 
platform validation; experience and skill in gene expression profiling, micro RNA profiling, genome wide SNP scan, and next generation sequencing 
(NGS); demonstrated ability to integrate processing of high volume of clinical samples while also carrying out high throughput technologies, daily lab 
multitasking activity, instrument monitoring, and prioritization based on scientific need; the focus and organization to consistently produce research 
data of the highest quality; upbeat personality and ability to be a team player; track record of training research fellows, lab technicians and collaborator 
in new technologies. 


The position is not for a candidate who is seeking an independent research position. 


How to Apply: The successful candidate will be offered salary and benefits commensurate with experience and accomplishments. The appointment 
would be through the Title 42 mechanism. Applicants may be U.S. Citizens, resident aliens, or non-resident aliens holding or eligible for a valid 
employment visa. Applications must be received within one month of the date of publication of this ad. Please submit a curriculum vitae and brief 
statement of how your experience relates to the needed qualifications along with 3 letters of reference to: Neal S. Young, M.D. Director CHI c/o 
Christen Sandoval Building 15F2 MSC 2664 NIH Bethesda MD 20892, or electronically to christen.sandoval@nih.gov 


The NIH is dedicated to building a diverse community in its training and employment programs. 
DHHS, NIH, and the NHLBI are Equal Opportunity Employers. 


ETH 


Eidgendssische Technische Hochschule Zurich 


Genomic Regulatory Systems Swiss Federal Institute of Technology Zurich 


Biology - Faculty Position 


The California Institute of Technology invites 
applications for a tenure-track junior faculty 
position in the Division of Biology. Relevant 
experimental research areas include systems 
biology approaches to gene regulatory circuits; 
evolution of gene regulatory networks; design 
principles in gene regulatory circuits; genomics 
oriented, quantitative exploration of less under- 


Assistant Professor (Tenure Track) 
of Environmental Microbiology 


The Department of Environmental Systems Science (www.usys.ethz.ch) at ETH Zurich invites 
applications for an Assistant Professorship (Tenure Track) in Environmental Microbiology. 


stood aspects of gene regulatory systems such as 
cis-regulatory module choice, molecular biology 
of enhancer function, mechanisms of enhancer- 
promoter interaction. 


Candidates with strong commitments to research 
and teaching excellence are encouraged to apply. 
Initial appointments at the assistant professor 
level are for four years, and are contingent upon 
completion of the Ph.D. degree. 


Please submit on-line application at: http: 
//biology.caltech.edu/Positions, and include 
a brief cover letter; curriculum vitae; relevant 
publications, a description of proposed research; 
and a statement of teaching interests. Applicants 
should arrange to have four reference letters 
uploaded. Application review will commence 
immediately and continue until March 15, 
2013. 


The California Institute of Technology is 
an Equal Opportunity/Affirmative Action 
Employer. Women, minorities, veterans, and 
disabled persons are encouraged to apply. 


Candidates with outstanding scientific track records in any related field will be considered, 
but preference is given to applicants working on microbial processes in environmental 
systems. The new Professor should establish a world-class research group and integrate into 
research activities in related fields at ETH Zurich. In addition, he or she should contribute 
to the teaching of undergraduate level courses (German or English) and graduate level 
courses (English) for students of Environmental Science and Biology. The Professorship will 
be equipped with a generous personnel and operational budget, but it will be expected to 
attract further funds for research through competitive grants. 


The appointment is expected to be made at the Assistant Professor level. Assistant Profes- 
sorships have been established to promote the careers of younger scientists. The initial 
appointment is for four years with the possibility of renewal for an additional two-year 
period and promotion to a permanent position. 


Your application should include your curriculum vitae, a list of refereed publications as well 
as a statement of your research and teaching interests. The letter of application should be 
addressed to the President of ETH Zurich, Prof. Dr. Ralph Eichler. The closing date for appli- 
cations is 30 April 2013. ETH Zurich is an equal opportunity and affirmative action employer. In 
order to increase the number of women in leading academic positions, we specifically encour- 
age women to apply. ETH Zurich is further responsive to the needs of dual career couples and 
qualifies as a family friendly employer. Please apply online at www.facultyaffairs.ethz.ch. 
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Featured Participants Additional Resources 


Case Western Reserve Australian-American Health 


University Policy Fellowship- www. 
case.edu commonwealthfund.org/ 

Fellowships/Australian- 
CERN American-Health-Policy- 
cern.ch Fellowships.aspox 


Harvard School of 
Engineering and Applied 
Science 
seas.harvard.edu 


Fulbright Program 
www.cies.org/Fulbright 


Guggenheim Foundation 
www.gf.org 

Hebrew University of 
Jerusalem 
huji.ac.il/huji/eng 


Marie Curie Actions 
ec.europa.eu/research/ 
mariecurieactions/index_ 
Oberlin College en.htm 
oberlin.edu 

National Institutes of Health 
University of New Brunswick = grants.nih.gov 
unb.ca 
National Science Foundation 


University of North Carolina =www.nsf.gov 


unc.edu 
Nels Highberg sabbatical 
University of South Florida blog 
usf.edu chronicle.com/blogs/ 
profhacker/author/ 
University of Sydney nhighberg 


sydney.edu.au 
Sabbatical Homes 


University of Wisconsin- sabbatical homes.com 


Madison 
wisc.edu 


of your collaborator’s research and mentoring achievements, so 
Feldman says, “work with someone who is well respected in the 


field.” 


Expect the Unexpected 
From the other side of their sabbatical, professors say that although 
some people accomplish everything they propose—developing meth- 
ods, publishing manuscripts, and writing books—many find that their 
plan simply isn’t feasible. Be flexible and be ready to change the project 
if necessary, or even better, if something more interesting comes along. 
University of New Brunswick’s Robert Austin says, “It’s exceeding un- 
likely that your sabbatical project will proceed exactly as planned, but 
be open-minded and you’ll see opportunities for collaborations and 
other sources of value that you didn’t see going into your sabbatical.” 
Even Whelan, whose project went as planned, had unexpected sci- 
entific benefits from working at a new institution. After a colleague 
mentioned the university’s high throughput sequencing equipment, she 
used the facilities to enhance her research by characterizing the most 
successful DNA molecules from her screen. Some professors advise 
building flexibility into a research plan from the start. Propose a practi- 
cal project that you know you can accomplish, to ensure that you get 
something done, but also work on something risky—that’s the point of 
a sabbatical. 


Can't Do It? Let Them Come To You 


If you simply can’t get away, consider hosting a sabbatical professor. 
Manish Patankar, Whelan’s host at the University of Wisconsin-Mad- 
ison, didn’t take a sabbatical when he earned tenure a few years ago, 
but says his research program benefited when a sabbatical came to him 
in the form of Whelan’s visit. “She brought in skills and techniques we 
didn’t have in the lab,” he says. Whelan’s analytical chemistry back- 
ground unexpectedly came in handy when she performed gas chroma- 
tography analysis on anticancer compounds the Patankar lab is explor- 
ing. Says Patankar, “You never know where things will go.” 

The positive effects of a visiting scientist can ripple beyond your re- 
search group. Lyndal Trevena, an associate professor at the Sydney 
school of public health, University of Sydney, hosted Pignone on his sab- 
batical leave from UNC, and says his work had national impact. Pignone 
and his Sydney colleagues did a cost-effectiveness study on colorectal 


cancer screening in Australia. Trevena says 


that being on sabbatical, without teaching .°) 


“Attending 


seminars, research 


and administrative duties, meant Pignone 
could focus intensely on the project, in- 
cluding traveling to the capital of Canberra . 
é : presentations, 
to talk to people in the government. Being 
an outside expert also gave extra weight and student talks 
to his perspective. All this raised the pro- creates chance 
file of their work, says Trevena. “The study 
has really been influential for advancing a encounters and 
program for colorectal cancer screening in conversations that 
Australia,” she says. can lead to spin- 
One of the study coauthors was Profes- 
sor Kirsten Howard. Before Pignone off collaborations 
arrived in her department, she knew of | and newresearch 


his work, but had never met him. Howard A P s 
‘ . ; directions. 
and Pignone quickly discovered common 


interests in shared decision-making— —Kirsten Howard 
studying how patients and physicians can 

cooperatively make informed health care decisions. They now make up 
a forceful collaborative team, with Pignone contributing clinical ex- 
pertise and Howard developing the health economics methods for two 
projects funded by grants they applied for while Pignone was in Austra- 
lia. Howard’s department supported her own sabbatical the next year to 
UNC. To encourage the type of informal interactions that can develop 
into new scientific partnerships, Howard suggests integrating visiting 
scientists as much as possible into the department. She says, “Attending 
seminars, research presentations, and student talks creates chance en- 
counters and conversations that can lead to spin-off collaborations and 
new research directions.” 

Trevena recommends hosting a sabbatical professor whose work fits 
well with your research program. Then, make the most of every minute. 
The visit goes by quickly, she says, so squeeze as much time as possible 
with your visitor into your already busy schedule. She says, “You’ll see 
that you can really do some meaty, productive work in that time and 


cement a collaboration.” 


Chris Tachibana is a science writer based in Seattle, USA, and Copenhagen, Denmark. 


DOI: 10.1126/science.opms.r1300127 
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THE UNIVERSITY OF TEXAS 
a \ Health Science Canter at Tyler 


The University of Texas Health Science Center at Tyler invites applica- 
tions from an extramurally funded, outstanding investigator to serve 
as Chairman of Infectious Lung Diseases. The candidate should 
have a track record of successful research and extramural funding, 
and will oversee faculty members who are working on tuberculosis 
and influenza. Resources to support this recruitment include ample 
laboratory space, all necessary equipment, an endowment and unique 
UT System resources. 


Tyler is located midway between Dallas and Shreveport amidst the 
picturesque lakes and piney woods of East Texas. The Department 
of Infectious Lung Disease is part of the Center for Biomedical 
Research, which focuses on lung injury, coagulation and oncology, as 
well as pulmonary infectious diseases. A description of current faculty 
research interests can be found online at UTHSCT’s website http: 
//www.uthct.edu/Research. 


Associate and Full Professor level candidates will be considered. 
Applicants should submit their curriculum vitae, a statement of 
future research plans and the names of three references to: Dr. Anna 
Kurdowska, Faculty Search Committee Chair, University of Texas 
Health Science Center at Tyler, 11937 US Highway 271, Tyler, Texas 
75708-3154, or by email to anna.kurdowska@uthct.edu. 


SKUTHSCT is an EEO/AA Employer M/F/V/D. This position 
is security sensitive and subject to Texas Education Code 51.215 
which authorizes the employer to obtain criminal 
history information. 


NAR THE UNIVERSITY OF TEXAS 
PF \tealth Science Center at Tyler 


The University of Texas Health Science Center at Tyler invites applica- 
tions from outstanding scientists for state-funded faculty positions at all 
levels. Tyler is located midway between Dallas and Shreveport amidst the 
picturesque lakes, hills and forests of East Texas. The mission of the basic 
and clinical research at the UT Health Science Center focuses on lung 
injury/repair and therapeutics, pulmonary infectious diseases, and 
oncology. Applicants in these and related fields are welcome. A strong 
track record of scientific accomplishment and current extramural 
funding are required. 


Acomplete listing and description of current faculty research interests can 
be found online via UTHSCT’s website http://www.uthct.edu/Research. 
The successful candidate will bring or establish a dynamic independent 
research program in a discipline related to the mission of UTHSCT. 
Teaching in the biotechnology graduate program is encouraged but 
commensurate with committed research time. Our institution is growing 
and substantive resources are being allocated to build its translational 
research portfolio. 


Applicants should submit their curriculum vitae, a statement of future 
research plans and the names of three references to: Dr. Anna Kurd- 
owska, Faculty Search Committee Chair, University of Texas Health 
Science Center at Tyler, 11937 US Highway 271, Tyler, Texas 75708- 
3154, or by email to anna.kurdowska@uthct.edu. 


P 
“MUTHSCT is an EEO/AA Employer M/F/V/D. This position is 
security sensitive and subject to Texas Education Code 51.215 which 
authorizes the employer to obtain criminal history information 


\ fay , UNIVERSITY National University SINGAPORE UNIVERSITY OF 


Ga) saz TECHNOLOGY AND DESIGN 


ee NANYANG ¢ wus Sill! 


TEMASEK RESEARCH FELLOWSHIP (TRF) 


A globally connected cosmopolitan city, Singapore provides a supportive 
environment for a vibrant research culture. Its universities Nanyang 
Technological University (NTU), National University of Singapore (NUS) 
and Singapore University of Technology and Design (SUTD) invite 
outstanding young researchers to apply for the prestigious TRF awards. 


Under the TRF scheme, selected young researchers with a PhD degree have 
an opportunity to conduct and lead defence-related research. It offers: 


A 3-year research grant of up to S$1 million commensurate with the 
scope of work, with an option to extend for another 3 years 
Postdoctoral or tenure-track appointment (eligibility for tenure-track 
will be determined by the university) 

Attractive and competitive remuneration 


Fellows may lead, conduct research and publish in these areas: 


Advanced Materials for Aerospace Applications 
Bio-mimetic Aerodynamics 

Cognitive Science and Neuroengineering 
Cyber Security 

High Power Laser Diode 

High Speed High Voltage Switching Devices 


For more information and application procedure, please visit: 


NTU —http:/Avww3.ntu.edu.sg/trf/index_trf.html 
NUS — http://www.nus.edu.sg/dpr/funding/trf.html 
SUTD — http://www.sutd.edu.sg/trf 


Closing date: 15 March 2013 (Friday) 


Shortlisted candidates will be invited to Singapore to present their research 
plans, meet local researchers and identify potential collaborators in July 
2013. 


hes THE UNIVERSITY OF TEXAS 
7 \Health Science Center at Tyler 


The University of Texas Health Science Center at Tyler invites applica- 
tions from extramurally funded, outstanding scientist/administrators 
to serve as Chair of Oncology Research. Administrative experience 
required. Administrative responsibilities include overall leadership and 
professional mentorship of faculty within the department. Track record of 
successful research and current extramural funding required. Resources 
to support this recruitment include ample laboratory space, additional 
faculty positions to support growth of research programs and unique UT 
System resources. 


Tyler is located midway between Dallas and Shreveport amidst the pictur- 
esque lakes and piney woods of East Texas. A new $40 million academic 
building housing the Oncology Program opened in November 2011. A 
complete listing and description of current faculty research interests can be 
found online via UTHSCT’s website http://www.uthct.edu/Research. 


The successful candidate will bring or a dynamic independent research 
program in oncology. Essential functions include: promoting research 
excellence and productivity, supporting education and training, and 
advancing community outreach. Associate and Full Professor level 
candidates will be considered. 


Applicants should submit their curriculum vitae, a statement of future 
administrative and research plans and the names of three references to: 
Dr. Anna Kurdowska, Faculty Search Committee Chair, University of 
Texas Health Science Center at Tyler, 11937 US Highway 271, Tyler, 
Texas 75708-3154, or by email to anna.kurdowska@uthct.edu. 


SRUTHSCT is an EEO/AA Employer M/F/V/D. This position is 
security sensitive and subject to Texas Education Code 51.215 which 
authorizes the employer to obtain criminal history information. 
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THE GEORGE WASHINGTON UNIVERSITY 


WASHINGTON DC 


Medical Educator 
Physiology/Pharmacology 


The Department of Pharmacology and Physiology at The 
George Washington University School of Medicine and Health 
Sciences invites applications for a full-time non-tenured faculty 
teaching position at the Assistant or Associate Professor level. 
The successful candidate will teach Physiology/Pharmacology 
courses to medical and health science students. Courses are 
team-taught with a strong clinical emphasis; the candidate will 
become course director for one or more of these courses. 


Basic qualifications: a Ph.D. in physiology, pharmacology or 
related discipline and/or an M.D. Strong teaching credentials as 
evidenced by teaching evaluations and experience in teaching 
physiology, pharmacology or a related discipline. 


Application process: Please complete an online faculty 
application at http://www.gwu.jobs/postings/13282 and upload 
curriculum vitae, a letter of introduction describing relevant 
teaching experience. Only completed applications will be 
considered. Review of applications will begin March 1, 2013 
and continue until the position is filled. 


The George Washington University is an Equal Opportunity/ 
Affirmative Action Employer. 


THE GEORGE WASHINGTON UNIVERSITY 


WASHINGTON DC 


Senior Faculty Position in 
Molecular Cancer Biology 
The George Washington University 
School of Medicine and Health Sciences 


The Department of Biochemistry and Molecular Biology at The George 
Washington University School of Medicine and Health Sciences invites 
application for a tenured Associate or Full Professorship. We seek an 
outstanding scientist with an innovative research program in cancer. 


Basic Qualifications: Applicants must hold a Ph.D. and/or M.D. 
degree in appropriate discipline and shall have an established research 
program supported by extramural funding. 


Current cancer strengths of the department include phenotypic 
signaling, epigenetic control, DNA damage, NO signaling, and cancer 
genomic and bioinformatics. The School of Medicine and Health 
Sciences is located on Foggy Bottom campus of GWU. The presence 
of basic and applied science departments and the proximity of the NIH, 
Children’s National Research Institute and other medical centers in the 
area, offer ample opportunities for collaboration. 


Application process: George Washington University will provide 
a competitive start-up package to successful candidates. Interested 
applicants must complete an online faculty application at http: 
/Iwww.gwu.jobs/postings/13422 and upload a complete CV and a 
statement of current and future research interests. Review of applications 
will begin on March 3, 2013 and continue until the position has been 
filled. Only complete applications will be considered. 


The George Washington University is an Affirmative Action/Equal 
Opportunity Employer. 


Lie THE UNIVERSITY OF 
ALABAMA AT BIRMINGHAM 
Faculty Positions in Microbiology 


The Department of Microbiology is expanding its research program by 
inviting applications for multiple tenure track/tenured faculty positions 
on any level. Successful candidates will have demonstrated records of 
originality and productivity in research in microbial sciences. UAB 
Microbiology is a national leader in NIH research funding and offers a 
uniquely interactive research environment. 


Collaborations among basic science disciplines and between basic and 
clinical faculty are stimulated by multidisciplinary centers at UAB: Center 
for AIDS Research, Comprehensive Cancer Center, Southern Research 
Institute for drug development, Center for Structural Biology, Center for 
Clinical and Translational Sciences, Center for Emerging Infections, Cystic 
Fibrosis Research Center and a campus-wide Program in Immunology. A 
world-class BSL3/ABSL3 building is available. UAB is one of the top 
clinical and research institutions in the nation, located in an affordable city 
with many cultural and outdoor attractions. 


Microbiology at UAB (www.microbio.uab.edu/micro-genetics/) is a 
diverse group of scientists with a focus on microbial pathogens. Investi- 
gators with expertise in microbiome research are particularly encouraged 
to apply. Review of applications will continue until positions are filled. 
Applicants should submit their CV including a research plan (1 p), the 
contact information of three references and their three top publications as 
a single pdf file to: Michael Niederweis, Ph.D., c/o Kristina Sinclair, 
email: ksinc@uab.edu. 


A pre-employment background investigation is performed on candidates 
for employment. UAB is an Equal Opportunity/Affirmative Action 
Employer committed to fostering a diverse, equitable and family- 
friendly environment in which all faculty and staff can excel and achieve 
work/life balance irrespective of ethnicity, gender, faith, gender identify 
and expression as well as sexual orientation. UAB also encourages 
applications from individuals with disabilities and veterans. 


112$s | aaiie SCIENCE CENTER 
COLLEGE OF MEDICINE 
Tenure-Track Faculty Position 
Neuroscience and Experimental Therapeutics 


The Department of Neuroscience and Experimental Therapeutics invites 
applications for a tenure-track faculty position at the level of ASSISTANT/ 
ASSOCIATE PROFESSOR. We are interested in outstanding scientists in the 
neurosciences, neuropharmacological or translational sciences with a strong 
record of extramural funding, research achievement and a commitment to gradu- 
ate and medical education. Candidates should have a high level of competence 
and research productivity by way of scholarly publications, and a strong track 
record of external research grant support. The ideal candidate’s research program 
should also complement existing research strengths in the department. Current 
research programs focus on molecular, cellular and behavioral approaches to 
study brain development, aging, circadian biology, epilepsy, neurodegenerative 
diseases and stroke (for more details see http://medicine.tamhsc.edu/basic- 
sciences/index). 


In addition to the departmental faculty, the neuroscience community at the Texas 
A&M consists of 70+ faculty located in the departments of Biology/Psychology/ 
Veterinary Medicine with an active graduate program through the Texas A&M 
Institute for Neuroscience (http://tamin.tamu.edu). Clinical collaborations are 
possible through the Texas Brain and Spine Institute (http://www.txbsi.com/) 
as well as the Department of Psychiatry and Behavioral Science. 


This position offers an outstanding research environment in a newly built 
research facility with a modern vivarium, and highly competitive start up pack- 
ages, compensation and benefits. Successful candidates are expected to develop 
independent research programs that are well funded, and that take advantage of 
the diverse collaborative opportunities available. Candidates will also participate 
in teaching programs and service assignments within the Department. Review 
of applications will begin as they are received and continue until the positions 
are filled. Applicants should submit a current curriculum vitae, a statement of 
research goals and names/addresses of three references to: Dr. Farida Sohrabji, 
Chair of Search Committee, Department of Neuroscience and Experimental 
Therapeutics, Texas A&M Health Science Center, College of Medicine, 
Medical Research and Education Building, 8447 State Highway 47, Bryan, 
TX 77807 (Sohrabji@medicine.tamhsc.edu). 


The TAMHSC is an Affirmative Action/Equal Opportunity Employer. 


Faculty of Arts & Science 


~ 


The University of Lethbridge is 
seeking two exceptional scholars to fill 
the positions of (i) Alberta Innovates 
Health Solutions (AIHS) Translational 
Health Chair: RNA in Health & Disease, 
and (ii) Campus Alberta Innovates 
Program (CAIP) Chair: Synthetic 
Biology & RNA Based Systems. 


(i) The AIHS Translational Health Chair 
will address the priority area of Chronic 
Disease and will contribute to enhancing 
the province's capacity to provide evidence- 
informed decisions regarding health 
promotion and disease prevention, and to 
translate research outcomes into effective 
treatment and prevention strategies and 
health care solutions. 


The goal of this Chair position will be: 

(1) to develop internationally-recognized, 
long-term research that will build upon our 
understanding of factors that contribute 

to chronic diseases, and (2) to develop 

and implement effective and integrated 
knowledge mobilization strategies to ensure 
that new knowledge is transferred to end 
users to support disease prevention and to 
promote health equity in the province. 


The candidate should have demonstrated 
expertise in the study of structure and 
function of RNA-based systems in 
vivo and/or in vitro using rational-design 


wee Ones 


approaches to the biological systems under 
study (synthetic biology), biochemical, 
biophysical or molecular biology 
approaches, and bring a special focus 
on applications in chronic health conditions 
such as cancer, inherited diseases or 
acquired chronic conditions, including 
but not limited to viral infections like HIV 
and hepatitis. 


(ii) The CAIP Chair, along with a special 
focus on the energy sector, must bring 
demonstrated expertise in the engineering 
of biological systems (synthetic biology) 
and the study of structure and/or 
function of RNA-based systems, 
using in vivo and/or in vitro approaches, 
having made major impacts in his 

or her fields of research. Candidates 
will be expected to play a lead role in 
contributing to the University’s capacity in 
synthetic biology and RNA Research. 


The AIHS Translational Health Chair as 
well as the CAIP Chair will be appointed 
to the Department of Chemistry 

& Biochemistry at the University 

of Lethbridge. 


The University of Lethbridge is home to the 
Alberta RNA Research and Training 
Institute (ARRTI), the first of its kind in 
Western Canada. Through first-class RNA 
research and training excellence, ARRT| 


RESEARCH CHAIR SEARCH 


DEPARTMENT OF CHEMISTRY & BIOCHEMISTRY 


contributes to the multidisciplinary research 
and teaching community at the University 
of Lethbridge and facilitates the transfer of 
leading-edge knowledge into the private 
and public sectors, as well as academia. 
Members of the Institute operate several 
focused laboratories including: a laboratory 
for structure and function of small 
noncoding RNAs, a laboratory for 
biomolecular design and engineering, 
a laboratory for systems biology and 
mathematical modeling, and a 
laboratory for synthetic biology. 


For more information about Canada’s 
Research Infosource 2012 
Undergraduate Research 
University of the Year, please 

visit our website at www.uleth.ca. 


For a detailed job descriptions, including 
submission requirements, please visit: 
uleth.ca/artsci/ResearchChairSearch 


For more information please contact 
Dr. René Boeré at boere@uleth.ca. 


University of 


Lethbridge 


Faculty of Arts & Science 


online @sciencecareers.org 
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with the fastest-rising universities 
in the world’s Top 50. NTU. - 
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Faculty Positions at School of 
Chemical and Biomedical Engineering (SCBE) 


Nanyang Technological University (NTU) in Singapore is ranked 
47" in the QS World University Rankings 2012. SCBE at NTU 
invites applications for Assistant, Associate or Full Professors. For 
more information, visit www.scbe.ntu.edu.sg/About_Us/Pages/ 
Open_Positions.aspx 


Research Areas 

Chemical and Biomolecular Bioengineering Division 

Engineering Division - Cardiovascular biomechanics 

- Process systems engineering — - Bioinstrumentation 

- Product and process design - Biosignal processing and imaging 

- Pharmaceutical engineering : Biofluid 

- Food engineering - Neuro bioengineering 

- Separation technology - Nature inspired bioengineering 

- Colloid and interface science —_- Mechanobiology of cell-cell 
and cell-matrix interactions 

Application Details 

Guidelines: www.ntu.edu.sg/ohr/Career/SubmitApplications/Pages/ 

Faculty.aspx 


Email: scbe_recruit@ntu.edu.sg 


www.ntu.edu.sg 


PURDUE 


UNIVERSITY 


Purdue University Center for Animal Welfare Science 
Cluster Hire 


Purdue University has a well-established record of excellence in research and 
teaching programs in Human Animal Bond and Farm Animal Welfare. The 
newly created Purdue Center for Animal Welfare Science hosts the largest 
collaborative group of scientists in the United States working in these fields; 
utilizing diverse, cross-disciplinary approaches in the areas of animal and 
poultry science, veterinary medicine, psychology, philosophy, genetics, public 
health, and zoology. The mission of the Center is to promote the welfare of 
animals through innovation in research, education and outreach. To further 
enhance our capacity, we are currently looking to fill three new tenure track 
positions: a Center Director and two Assistant Professors. 


Director position: A tenure-track senior faculty position in domestic animal 
welfare is available to head the Center for Animal Welfare Science. This 
individual will lead a team of scientists and educators in the Department of 
Animal Sciences (College of Agriculture) and Comparative Pathobiology and 
Veterinary Clinical Sciences (College of Veterinary Medicine) by facilitating 
research, teaching, and extension efforts. For details regarding the position, 
please go to: http://www.vet.purdue.edu/cpb/employment.php 


Assistant Professor, Human—Animal Interactions position: A tenure- 
track faculty position is available in Human-Animal Interactions based in 
the Department of Comparative Pathobiology at Purdue University College 
of Veterinary Medicine. For details regarding the position, please go to: http: 
//www.vet.purdue.edu/cpb/employment.php 


Assistant Professor, Animal Welfare position: A tenure-track faculty posi- 
tion in Animal Welfare is available at Purdue University. The home department 
will be determined based on the area of expertise of the successful applicant. 
For details regarding the position, please go to: 
http://www.vet.purdue.edu/cpb/employment.php 


A background check is required for employment in these three positions. 
Purdue University is an Equal Opportunity/Equal Access/Affirmative 
Action Employer fully committed to achieving a diverse workforce. 


FACULTY POSITION IN STRUCTURAL BIOLOGY and/or IMAGING 
Department of Biochemistry and Molecular Biology 
Thomas Jefferson University 


The Department of Biochemistry and Molecular Biology at Thomas Jefferson Uni- 
versity in Philadelphia invites applications for faculty positions in structural biology 
and/or molecular/cellular imaging, with the possibility of leading development of a 
new research center in the field of interest. We seek outstanding investigators to 
complement our existing strengths in structural biology, receptor signaling and pro- 
tein trafficking, DNA repair, and transcriptional-translational regulation. The Depart- 
ment offers a highly collaborative culture and in conjunction with the Kimmel Cancer 
Center provides state-of-the-art core resources for structural biology, imaging and 
cancer biology research (http://www.kimmelcancercenter.org/research/). All faculty 
ranks will be considered, and the successful candidate will have a demonstrated track 
record of research excellence and extramural funding, and will participate in gradu- 
ate training. 


Thomas Jefferson University is located in the vibrant Center City area of Philadel- 
phia surrounded by a wide variety of cultural, historical, and recreational attractions. 
There is convenient housing for both faculty and trainees nearby, while the Phila- 
delphia suburbs are readily accessible to Jefferson by mass transit or car. Thomas 
Jefferson University is an Affirmative Action/Equal Opportunity Employer. 


Candidates should submit curriculum vitae, a brief statement of research interests 
and future plans, and contact information for three references to: 


Dr. James Keen, Chair 

Faculty Search Committee 

c/o Ms. Lisa Waites 

Department of Biochemistry & Molecular Biology 
Thomas Jefferson University 

233 South 10th Street, BLSB 350 

Philadelphia, PA 19107-5541 
James.Keen@jefferson.edu 

Or apply online at: www.jeffersonhr.org 


@ Jefferson. 


McLaughlin Research Institute 
for Biomedical Sciences 


Professor in Neurodegenerative Disease Research 


McLaughlin Research Institute (MRI) seeks an innovative scientist at the 
Professor level with an established program in neurodegenerative disease 
research who can take advantage of the Institute’s strengths in mouse 
genetics and animal models. Low animal care costs and transgenic services 
at MRI facilitate mouse-intensive projects that would be cost-prohibitive 
at many other centers. Applicants with interests in human stem cell models 
for Alzheimer’s and related diseases are particularly encouraged to apply. 
Faculty have opportunities for collaborations with physicians at Benefis 
Health System which serves a patient population of 250,000. Candidates 
should have a record of research excellence and a demonstrated ability to 
compete successfully for funding. The ability to establish intramural and 
extramural collaborations is essential. An endowed chair is a possibility 
for the successful candidate. 


The Institute is a small non-profit organization located near Montana’s 
Rocky Mountain Front and offers a non-bureaucratic, interactive research 
environment in a spacious, modern research facility. Faculty members 
also benefit from the active involvement of MRI’s Scientific Advisory 
Committee (Irv Weissman, David Baltimore, David Cameron, Neal 
Copeland, Jeff Frelinger, Leroy Hood, and Nancy Jenkins). Contact 
George Carlson, MRI’s Director, for more information. Applications, 
including names and contact information for three to five individuals who 
may serve as references, should be sent to: Search Committee, 1520 23"¢ 
Street South, Great Falls, MT 59405 or admin@mri.montana.edu 


Director of Research — Van Andel Research Institute 


Van Andel Research Institute currently seeks an accomplished, energetic, and visionary Director of Research to 
lead the strategic development of its basic oncology science, neurodegenerative science, and translational 
programs. The Director will have a unique opportunity to shape and influence the focus of these research 
initiatives, guiding the private, independent biomedical institute to achieve its full potential. 


VARI is located in a rapidly growing life sciences community in Grand Rapids, Michigan; it currently houses 23 
laboratories devoted to basic science/translational research and dedicated to exploring the genetic and 
molecular mechanisms underlying disease. 


Applications are invited from candidates who have a Ph.D. in biological sciences, an M.D., or both. Candidates 
will be expected to have a reputation for outstanding scholarship and a track record of significant research 
contributions, preferably in cancer, in order to build upon our established foundation and legacy. Experience in 
basic science and background in translational research are requirements. Experience in clinical research is 
desirable, as are connections to the scientific, biotechnology, and pharmaceutical communities. 


Learn more about this exceptional opportunity by visiting 


http://www.vai.org/en/about-vai/careers.aspx 


Van Andel Research Institute is an Equal Opportunity Employer. 


Van Andel Institute’ 
100% TO RESEARCH, DISCOVERY & HOPE 


www.valorg 


Established 
Cardiovascular 
Investigator 

University of Minnesota 

ateal Schoo! 

The new Department of Integrative Biology and 
Physiology at the University of Minnesota Medical 
School seeks outstanding faculty candidates in 
integrative systems biology of the cardiovascular 
system and related fields at the Associate or Full 
Professor levels. Substantial resources including 
leading focused junior faculty cluster hires for 
program development and new state-of-the-art 
research buildings are committed to this effort: 
http://www.ahe.umn.edu/research/bdd/. 
Successful candidates will have an established 
and innovative research program that embraces 
biological complexity from molecular building 
blocks to the living organism. Applicants must 
have a strong record of research accomplishments, 
as documented by publications in leading peer- 
reviewed journals. A commitment to excellence 
in teaching is essential. An outstanding record of 
extramural funding with a multiple grant portfolio 
is required. Minimum requirements are a PhD, 
MD or MD/PhD with tenure at an academic 
research institution. Additional information about 
the department: http://physiology.med.umn.edu/. 
Information on the vibrant Twin Cities community 
and Minnesota’s acclaimed high quality of life: 
http://wwwl.umn.edu/wishyouwerehere/. 
Nominations are appreciated: Dr. Randi 
Lundell rmlunde@umn.edu. Applicants please 
apply on-line ~—(http://www1.umn.edu/ohr/ 
employment/ — requisition number #179062; 
submit cover letter, curriculum vitae, statement 
of programmatic and research goals, and reference 
letters to this web address). 


The University of Minnesota is an Equal 
Opportunity Educator and Employer. 


“SCHOOL OF 
Life Sciences 


ARIZONA STATE UNIVERSITY 


New Faculty Position in Biology and 
Education 


The School of Life Sciences at Arizona State University is 
making a commitment to enhancing life science education 
at the undergraduate level. ASU is a dynamic, progressive university dedicated to interdisciplinary col- 
laborations, to rethinking university education, and to integrating excellence in research and teaching. The 
School of Life Sciences at Arizona State University’s Tempe campus is committed to reflective curricular 
development and innovation, with a focus on learner-centered education and teaching excellence. We 
are revising introductory courses, promoting active learning, and introducing a diversity of innovative 
approaches to instruction. ASU offers opportunities for collaboration with diverse science education 
initiatives across the university. To support this effort, the School invites applications for a tenure-track 
position at any level. The successful applicant will have a strong disciplinary content knowledge in 
biological sciences, established expertise in and commitment to biology education including scholar- 
ship related to teaching and learning and evidence of the capacity for leadership. Candidates must have 
a primary research focused on teaching and learning in biology at the undergraduate level, which will 
promote quality undergraduate instruction through independent and collaborative efforts and will promote 
the SoLS teaching mission. The successful candidate will demonstrate scholarly excellence with the 
capacity to develop and sustain a creative, extramurally-funded research program in education-related 
work in the biological sciences, with evidence of interdisciplinary collaboration. In addition, candidates 
with demonstrated records of mentoring at the undergraduate, graduate, and/or postdoctoral levels, strong 
records of outreach and service, and experience working in a highly-interdisciplinary environment like 
the ASU School of Life Sciences are preferred.; The start-up package, teaching, and service loads will 
support the expected high research productivity. Candidates must have a Ph.D. in biological sciences or 
education, with experience or training equivalent to a Master’s degree in the other area. All qualifications 
will be evaluated as appropriate to the level of appointment. 


To apply, send a cover letter, curriculum vitae, three representative publications, separate statements of 
research focus/plans, teaching philosophy/experience, and three reference letters of support to Anna Fields, 
attn. Biology Education Faculty Search Committee, School of Life Sciences, PO Box 874501, Tempe, 
AZ 85287-4501, with electronic applications sent as PDF files to solsfacultysearch@asu.edu preferred. 
The initial closing date for receipt of complete applications is February 22, 2013; the committee will 
review applications weekly thereafter until the search is closed. For additional information, please feel 
free to contact James Collins (jcollins@asu.edu) or Jane Maienschein (Maienschein@asu.edu). 


A background check is required for employment at Arizona State University, which is an Equal 
Opportunity/Affirmative Action Employer committed to excellence through diversity. We especially 
encourage women and minorities to apply. For additional information on this position and the School 
of Life Sciences, please visit http://sols.asu.edu/jobs. 
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The best ideas in medicine start with the best people. 


At Stony Brook Medicine, our highest calling is to put the power of ideas to work in our 
patients’ lives. Stony Brook Medicine integrates and elevates all of Stony Brook University’s 
health-related initiatives: education, research and patient care. It includes Stony Brook 
University Hospital, Long Island’s premier academic medical center. With 597 beds, SBUH 
is the region’s only tertiary care center and Regional Trauma Center. We are home to the Stony 
Brook Heart Institute, Stony Brook Cancer Center, Stony Brook Long Island Children’s Hospital, 
Stony Brook Neurosciences Institute and Stony Brook Digestive Disorders Institute. At Stony 
Brook Medicine, we put the power of ideas to work. Join our team at Stony Brook Medicine — 
the best ideas in medicine. 


Assistant/Associate Professor 


Stony Brook University’s Department of Physiology and Biophysics and the Stony Brook Cancer 
Center invite applications for a tenure-track Assistant Professor Position. Exceptional candidates 
at the Associate Professor level will also be taken into consideration. The successful candidate is 
expected to have an externally funded program in cancer-related research. The position includes 
a generous start-up package and laboratory space in the Department of Physiology and Biophysics. 
Departmental and Institutional support facilities include cores for advanced microscopy and imag- 
ing, proteomics, microarray, metabolomics/lipodomics and bioinformatics. The Department also 
has access to the facilities at Brookhaven National Laboratory. For a description of departmental 
research activities, please visit http:/Avww.pnb.sunysb.edu/. For additional information about the 
Cancer Center, visit http://cancer.stonybrookmedicine.edu. To qualify for an appointment as an 
Associate Professor, the candidate must meet the criteria established by the School of Medicine 
(School of Medicine’s Criteria for Appointment, Promotion and Tenure ). A PhD, MD or MD/PhD; 
postdoctoral research experience; and a record of peer-reviewed publications are required. 

The priority deadline is May 1, 2013. 


For a full position description, application procedures or to apply online, visit 
www. stonybrook.edu/jobs (Job Reference #: F-7698-13-01) or submit a State 
employment application, curriculum vitae, list of publications, description of 

research interests and three letters of reference to: 

Search Committee Chair | 


Department of Physiology and Biophysics \ Stony Brook 


Stony Brook University te 
Stony Brook, NY 11794-8661 Medicine 


Stony Brook University/SUNY is an affirmative action, equal opportunity educator and employer. 


A UNIVERSITY OF MINNESOTA 
L Driven to Discover 
TWIN CITIES CAMPUS FACULTY 


POSITIONS 
SUSTAINABLE HORTICULTURE 


TENURE-TRACK ASSISTANT 
PROFESSOR POSITIONS (2) IN 
SUSTAINABLE & ORGANIC FOOD 
SYSTEMS 


The University of Minnesota has openings for 
two nine-month, tenure-track Assistant Professor 
positions in Sustainable & Organic Horticultural 
Food Systems. The tenure home for these 
positions will be in the Dept. of Horticultural 
Science. The successful candidates will each 
develop and teach one foundational course in 
the Sustainable and Organic Food Systems 
initiative and another upper-level course for 
undergraduates in his/her area of specialization. 
The individuals will also be expected to lead and 
participate in graduate-level seminar courses, 
advise undergraduates and graduate students. 


Assistant Professor — Sustainable & Organic 
Horticultural Food Production Systems, 60% 
teaching, 40% research. Requisition #182205. 


Assistant Professor - Biological Principles of 
Sustainable & Organic Foos Systems, 60% 
teaching, 40% research. Requisition #182695. 
For complete job descriptions, go to: https: 
//employment.umn.edu and search postings. 
Review of applications will begin March 15, 
2013. 

The University of Minnesota is an Equal 

Opportunity Educator and Employer. 


Youle Faculty Positions in Human Immunology at the 
: Vaccine & Gene Therapy Institute of Florida 


At the Vaccine & Gene Therapy Institute of Florida (VGTI Florida), we are committed to discovering innovative 
therapies and vaccines to improve human health. It is ultimately the researchers we recruit that determines 
our success and our state-of-the-art technologies and resources that enables our institute to realize these 
successes. Our scientists are the most important asset in our pursuit of achieving excellence in research. Our 
staff not only enjoys outstanding benefits but also work in an environment noted for community involvement, 
intellectual excitement, and natural beauty. 


We are seeking to recruit outstanding Immunologists in the areas of Infectious Disease and Cancer Immu- 
nobiology to direct programs in basic and translational human immunology. Candidates are expected to 
assist in establishing clinical research immunology programs and recruit additional Principal Investigators. 
VGTI Florida is one of the internationally acclaimed research institutes invited to locate to Florida as part 
of a State-sponsored initiative to enhance biomedical research in Florida. Research at VGTI Florida focuses 
on Global Health initiatives utilizing systems biology approaches to study the human innate and adaptive 
immune response to infectious diseases and cancer. 


Research themes of VGTI-FL include: 
* HIV-1 and emerging infectious pathogens 
* Influenza 
* Vaccine development and adjuvants 
* Cancer Immunology 
+ Ageing and the immune response 


VGTI Florida has ongoing basic and clinical research collaborations with the University of Miami, Moffitt 
Cancer Center and Martin Health Systems. The institute occupies a new 100,000 sq. ft. state of the art and 
LEED Gold Certified facility in Port St. Lucie, FL. The institute is located on the sunny Atlantic coast in a 
Biotech cluster that includes Torrey Pines Institute for Molecular Studies, the Mann Research Center, and 
the new Tradition Medical Center. Florida Atlantic University, the Scripps Research Institute of Florida and 
the Max Planck Florida Institute for Neuroscience are within 30 minutes’ drive. 


Successful candidates (M.D. and/or Ph.D.) will have an established extramurally funded research program and 
a strong publication record in one of the priority areas described above. The positions have highly competitive 
salary and startup packages, with access to state-of-the-art Genomics, Bioinformatics and Flow Cytometry 
core facilities as well as BSL3/ ABSL3 containment facilities within the institute. For more information, 
including a description of the Faculty and their research interests, please visit: www.vgtifl.org. Qualified 
candidates should apply by submitting their curriculum vitae and a description of their proposed research 
program: https://home.eease.adp.com/recruit/?id=3795661 


VGTI Florida is an Equal Opportunity Institution, committed to recruiting, hiring, and promoting 
qualified minorities, women, individuals with disabilities, and veterans. 
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Brought to you by the 
AAAS/ Science Business Office 


CONFERENCE 


Joint Conference of HGM 2013 and 21* International Congress of Genetics 


Genetics & Genomics 


OF GLOBAL HEALTH AND SUSTAINABILITY 


13-18 April 2013 | The Sands Expo and Convention Center, Marina Bay Sands 


Join over 100 speakers worldwide and explore two of the most important 
issues in the 21* century: Human Health and Global Sustainability. 


Among the prominent speakers are: 


Ic 2013 


SINGAPORE 
www.hgem2013-icg.org/a 


Peer Bork, European Molecular Biology Laboratory ¢ Allan Bradley, Wellcome Trust Sanger Institute ¢ Caroline Dean, John Innes Centre, Norwich Research 
Park Colney « Wang Jun, BG/ ¢ Jay D Keasling, Joint BioEnergy Institute « Narry Kim, Seou/ National University « Barbara Meyer, University of California Berkeley 
Linda Partridge, University College London e Luis Serrano, Centre for Genomic Regulation ¢ Mike Stratton, Wellcome Trust Sanger Institute « Mike Snyder, 
Stanford Center for Genomics and Personalised Medicine ¢ Joseph Takahashi, South Western Medical Center e Krishnaswamy Vijayraghavan, National Centre 


for Biological Sciences  Qifa Zhang, Huazhong Agricultural University 


Attractive rates available for HUGO members 
and graduate students! Visit www.hgm2013-icg.org 


to find out more. 


For enquiries, email info@hgm2013-icg.org 
or call +65 6411 6695. 
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POSITIONS OPEN 


UW Medicine 


SCHOOL OF MEDICINE 

The Seattle Children’s Research Institute and the Department of Pediatrics at the 
University of Washington School of Medicine are recruiting a qualified individual 
to serve as the Director for the Center for Childhood Infections and Prema- 
turity Research at Seattle Children’s Research Institute. The Center’s research 
vision is to translate basic biology to strategies for the diagnosis, treatment and 
prevention of infectious diseases and conditions that impact children locally, 
nationally, and globally. The Center for Childhood Infections and Prematurity 
Research is located on one floor of the modern 225,000sq ft. Seattle Children’s 
Research Institute and has mature programs in host-pathogen interactions, global 
and emerging infectious diseases, vaccine discovery and evaluation, mechanisms 
of microbial drug resistance. 


The Center Director will be responsible for the allocation of research space 
and available resources within the policies of the SCRI and will develop a 
vision for the Center, recruit outstanding scientists, support and collaborate 
with current scientists within the Center, mentor current and future faculty, and 
actively participate in philanthropic efforts on behalf of the Center and Seattle 
Children’s Research Institute. This is a full-time academic appointment at the 
rank of Professor, without tenure (MD and/or PhD required). The successful can- 
didate must have an established record of academic achievement and leadership 
experience and active NIH-funded research grants. For more information see: 
www.seattlechildrens.org/research. Please send CV and a statement of current 
and future research interests to: Danielle Zerr, MD, MPH, Chair, Search Com- 
mittee, Professor, Department of Pediatrics, Division of Infectious Disease, 
Danielle.Zerr@seattlechildrens.org 


University of Washington faculty engage in teaching, research, and service. In 


order to be eligible for University sponsorship for an H1-B visa, graduates of 


foreign (non-U.S.) medical schools must show successful completion of all three 
steps of the U.S. Medical Licensing Exam (USMCE), or equivalent as determined 
by the Secretary of Health and Human Services. The University of Washington 
is building a culturally diverse faculty and strongly encourages applications 
from female and minority candidates. The University is an Equal Opportunity 
Affirmative Action Employer. 

If you have a question about the details of this search/position please contact 
the hiring unit directly. Thank you for your interest in this position at the 
University of Washington. 


FACULTY POSITIONS 


ul SOUTHWESTERN 


MEDICAL CENTER 


CHAIR 
Department of Bioinformatics 


The University of Texas Southwestern Medical Center is seach- 
ing for a Chairperson to establish a new Department of Bioin- 
formatics. We are seeking an individual to form a world-class 
department within an exceptionally strong biomedical research 
environment. The successful candidate will have a robust and 
internationally recognized research program in bioinformatics, 
a record of superb scientific achievement, outstanding leader- 
ship skills, and a strong vision for establishing and leading 
the department. The Chair will be expected to recruit six new 
faculty members who are leaders in bioinformatics and infor- 
matics-driven biomedical discovery. The Chair will also foster 
and grow a research environment that integrates with existing 
departments, programs, and infrastructure and will establish a 
graduate program in bioinformatics and genomics. Significant 
resources will be provided to accomplish these endeavors. 


Interested individuals should send a curriculum vitae and a cover 
letter to the Chair of the Search Committee, W. Lee Kraus, 
Ph.D. (lee.kraus@utsouthwestern.edu). 


The University of Texas Southwestern Medical Center is an 
Equal Opportunity Institution. 
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= Special Career Feature: March 8, 2013 
Reserve your ad by February 19 to guarantee space.* 


*Ads accepted until March 4 if space is still available. 


Science 


Here’s why you should advertise in this issue: 


Scientific collaborations are a key element of success in the current 

economic climate. Postdocs, more than ever, must be effective at identifying and 
forging relationships with fellow scientists and organizations. This special feature 
examines how to best develop these types of partnerships, and Ph.D.s from around 
the globe will be reading this important content. Tell these scientists what exciting 
postdoc experiences await them at your university or organization. 


Your job ad is seen by 700,000 readers around the globe from varied backgrounds 
and it sits on special bannered pages promoting postdoctoral opportunities. Over 
57% of our weekly readers work in academia and 67% are Ph.D.s. Science 
connects you with more scientists in academia than any other publication. 
e Bonus distribution to National Postdoctoral Association, 

15-17 March, Charleston, SC 
e Bonus distribution to PittCon, 17-21 March, Philadelphia, PA 


@ Special distribution to 100,000 additional scientists 
beyond our regular circulation 


E-mail: 
advertise@sciencecareers.org 


Or telephone us: 
US: 202-326-6582 


Europe/RoW: +44 (0) 1223 326500 
Japan: +81-(0) 90-9110-1719 


China/Korea/Singapore/Taiwan/ 
Thailand: +86-1367-1015-294 


For recruitment in science, 
there’s only one 


Produced by the Science/AAAS Custom Publishing Office 


Postdoctoral Fellowships in Genomic Biology 
at the University of Illinois at Urbana-Champaign 


The Institute for Genomic Biology at the University of Illinois at Urbana-Champaign offers a number of fellowships for truly exceptional young 
scholars who have completed their Ph.D. within the last several years, and are looking for a stimulating and supportive interdisciplinary envi- 
ronment to carry out independent and collaborative research in the field of genomic biology. IGB Fellows will spend up to three years conduct- 
ing research in one of several research themes in the Institute, and ideally this research will also overlap with two or more of these thematic 
areas. Visit www.igb.illinois.edu/content/fellows-application for more information about the Institute, the research themes and the application 
procedures. The closing date for all positions is April 1, 2013. Fellows will be announced on or about May 15, 2013. 


Biocomplexity 

We seek a postdoc with a strong quantitative background to join a multidis- 
ciplinary group exploring collective effects in biology from the genome to the 
ecosystem scale. Ongoing research addresses the emergence of life and the 
nature of evolution prior to the Last Universal Common Ancestor, the evolu- 
tion of core cellular machinery in Archaea and other domains of life, the role 
of horizontal gene transfer in shaping communities of microbes and phages, 
geomicrobiology, and the systems biology of microbes, biofilms and ecosys- 
tems. We are also developing an interest in evolutionary medicine, with special 
interest in combating the emergence of antibiotic resistance. 

(Nigel Goldenfeld, Theme Leader) 


Genomic Ecology of Global Change 

The Fellow will be involved in a cross-disciplinary project investigating how 
changes in networks of genes affect plant and ecosystem function when chal- 
lenged by elements of global change, including greater carbon dioxide, ozone, 
drought, temperature, disease and herbivory. The ideal candidate will have a 
strong background in plant biology and a record of expertise in molecular bi- 
ology, genomic ecology, physiology or modeling of gene networks or ecosystem 
function. The ability to work creatively and productively in a highly interdisci- 
plinary and collaborative environment is essential. (Don Ort, Theme Leader) 


Energy Biosciences Institute 

The Energy Biosciences Institute (EBI) is an externally funded theme within 
the IGB. It is the largest academia collaboration to date, currently receiving 
$500 million over ten years and focusing on the development of second- 
generation biofuels intended to significantly slow the rate of global climate 
change. Its research ranges from systems biology of fermentative organisms 
to quantification of ecosystem services provided by new sustainable biofuel 
crops. The EBI also has an interest in geomicrobial approaches to increasing 
the efficiency of oil extraction. The full range of research can be seen at www. 
energybiosciencesinstitute.org. We seek an outstanding candidate across these 
areas interested in applying genomic biology to understanding and develop- 
ing opportunities for improving sustainable biofuel production. Research 

can be at any point in the supply chain from improving feedstocks and their 
environmental sustainability to producing fuel. The appointee will work in 

an interdisciplinary laboratory of over 100 exceptional colleagues focused on 
this challenge. The appointment would also involve collaboration with our 
partners: UC Berkeley and BP. (Isaac Cann, Theme Leader) 


Cellular Decision Making in Cancer 

We seek an individual with interest in quantitative biology. Our theme faculty 
members have expertise in single molecule biophysics, genomics and chemical 
biology. Building on the current strengths on cell death, antiviral signaling, stem 
cell differentiation, live cell probing of decision making and genome instability 
modeling, we aim to develop a multiple-scale narrative on how single molecule 
events in the cell are integrated into the protein networks to determine the cell 
fate. Cancer is a major focus area of research. (Taekjip Ha, Theme Leader) 


Business, Economics, and Law of Genomic Biology 
We seek an individual with training in economics, business, law, or strategy 
and with an interest in technology entrepreneurship, technology industries, 
and biotechnology. The Fellow will join a multidisciplinary group that includes 
business, law, and technology experts; agricultural economics faculty; and 
personnel from the campus Office of Technology Management. Our theme is 
exploring issues in university-industry technology transfer, industry evolution, 


intellectual property protection, the competitive and cooperative dynamics for 
both entrepreneurial start-ups and existing corporations, the impact that glo- 
balization of biotechnology has on the evolution of industry, and the position 
of USS. firms in the global marketplace. (Jay Kesan, Theme Leader) 


Regenerative Biology & Tissue Engineering 

The Fellow will be involved in one or more of our multidisciplinary projects 
related to regenerative biology and harnessing the potential of adult/embry- 
onic stem cells for tissue engineering applications. Of particular interest is 
leveraging theme expertise in biomaterials fabrication, drug delivery systems, 
microfluidics-based in vitro experimental platforms, and in vivo evolution- 

ary biology and regeneration medicine studies. The ideal candidate will have 
experience in one or more areas of (stem) cell biology, induced pluripotent cell 
technology, biomaterials, microfluidics, and/or tissue engineering. 

(Paul Kenis, Theme Leader) 


Mining Microbial Genomes 

The Fellow will be involved in one of several multidisciplinary projects focused 
on (1) the discovery, design, and development of novel antibiotics, or (2) the 
assignment of function to novel enzymes discovered in genome projects. The 
ideal candidate will have a proven record of expertise in microbially produced 
natural products and/or enzyme evolution. We are interested in candidates 
with previous experience in bacterial metabolism, bacterial genetics, molecular 
biology, biochemistry, enzyme evolution, metabolic engineering, organic syn- 
thesis, mass spectroscopy, bioinformatics and/or metagenomics. 

(Bill Metcalf, Theme Leader) 


Gene Networks and Diversity 

We seek a biologist with strong bioinformatics skills and training in one or 
more of the following areas: gene regulation (especially relating to transcrip- 
tion factor dynamics or epigenomics), evolutionary biology, neuroscience, or 
systems biology. Applicants with expertise in both experimental biology and 
bioinformatics will be strongly preferred. The successful candidate will join a 
multidisciplinary team using systems biology approaches to analyze regulatory 
mechanisms underlying complex developmental and behavioral phenotypes, 
and components that may define determinants of inter- and intraspecies 
diversity. Fellows are expected to conduct research that contributes to the 
development of theme goals by integrating components from multiple theme 
members areas of expertise. (Lisa Stubbs, Theme Leader) 


Host-Microbe Systems 

The Fellow will be responsible for developing DNA isolation, microbial isola- 
tion, 16S rRNA gene sequencing and other metagenomic analysis techniques 
for surveying microbial content of the human and nonhuman primate vaginal 
and intestinal microbiomes. Additional responsibilities will include the culture 
isolation and genome sequencing and other molecular biology techniques 

to examine microbial, metabolic, and immunologic contents, phylogenetic 
comparisons, and performing analyses using bioinformatics and other 
computational and analytical methods. The ideal candidate will have a strong 
background in microbiology, biochemistry, or a related field with experience 
and expertise in molecular microbial ecology and bioinformatics and/or bio- 
statistics. (Brenda Wilson, Theme Leader) 


The University of Illinois is an Affirmative Action/ 
Equal Opportunity Employer 


www.igb.illinois.edu 


online @sciencecareers.org 
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Postdoctoral Position Announcement 


at the University of Illinois at Urbana-Champaign, Institute for Genomic Biology 


We are seeking postdoctoral research associates to conduct research on a five-year research award from the Bill & Melinda Gates Foundation 
(BMGF). The project, titled “RIPE — Realizing Increased Photosynthetic Efficiency,’ has the potential to benefit farmers around the world by increas- 
ing productivity of staple food crops. The goal of the research is to improve the photosynthetic properties of key food crops, particularly rice and cas- 
sava. Increasing photosynthetic efficiency has not yet been addressed by conventional breeding methods, though it has the potential to increase yields 
and increase efficiency of water and nitrogen use. Project team members will apply recent advances in photosynthesis research and crop bioengineer- 
ing in RIPE. In addition, computer simulation models of the highly complex photosynthetic system, from metabolic networks to field crop biophysics, 
combined with practical engineering, will identify the best targets for improving photosynthesis efficiency. 


online @sciencecareers.org 


DUTIES & RESPONSIBILITIES: The postdoctoral positions will conduct research to improve photosynthesis and yield in C3 crop plants. Re- 
sponsibilities of the team of appointees will be to develop a computational engineering framework for selecting systems and synthetic approaches to 
increasing crop photosynthesis, practical engineering of the selected changes, and molecular, biochemical and whole crop physiological phenotyping 
in the laboratory and field. 


EDUCATION & EXPERIENCE: Prospective candidates need a PhD in plant biology, plant genetics, plant biotechnology or a closely related discipline. 
Demonstrated skills in one or more of the following areas of photosynthesis research is required: molecular biology and genetics, plant transforma- 
tion, use of available bioinformatics resources, gas exchange and/or mechanistic modeling which could be at the level of metabolic pathways or field 
crop biophysics/micrometeorology. The duties of this position require that the incumbent have a strong background in plant molecular biology, plant 
biochemistry/physiology, or computational biology and be broadly knowledgeable of photosynthesis. Good oral and written communication skills 
coupled with the ability to work independently and cooperatively are required. 
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PROPOSED START DATE: As soon as possible. 


SALARY: Commensurate with qualifications and experience. 


APPOINTMENT STATUS: Up to five years, contingent on changes in project scope and performance. 


APPLICATION PROCESS: Please send a letter of application, resume/CV, and three professional references including phone number and email 
address to the RIPE Program Manager, Lisa Emerson <lemerson@illinois.edu>. 


Universitat 

Konstanz 
The University of Konstanz, with its Institutional Strategy to 
promote Top-Level Research, has been receiving cont 
nuous funding since 2007 within the framework of the Excellence Inititive 
by the German Federal and State Governments. 


The Zukunftskolleg of the University of Konstanz is offering: 


A. up to fifteen ZIF Marie Curie 2-year Postdoctoral 
Fellowships in any discipline represented at the 
University of Konstanz (Salary Scale 13 TV-L) 
for researchers in the early stage of their career, so as to enable them 
to develop and implement individual and independent research 
projects. 

Fellowships will begin on September 1, 2013, and end on August 31, 
2015. Reference number 2013/015 

B. up to seven ZIF Marie Curie 5-year Research 
Fellowships in any discipline represented at the 
University of Konstanz (Salary Scale 14 TV-L) 
for the development and implementation of individual research 
projects. 

Fellowships will begin on November 1, 2013, and end on October 31, 
2018. Reference number 2013/014 

Applications, supporting materials, and two letters of reference should be 

submitted in English by March 15, 2013 (17:00:00 GMT + 1:00) using 

the Online Application Platform: 
www.zukunftskolleg.uni-konstanz.de/online-application 
uni-konstanz.de 


Details concerning application require- 
ments and information about the 
ine ( } Zukunftskolleg are available on our 
Contact: Dr. Nani Clow 
Zukunftskolleg e-mail: n.clow@uni.kn 
sc as phone: +49 (0) 75 31/88-56 78 


website: http://www.zukunftskolleg. 


ag Research Position at SY 
NIMS ICYS, NIMS, Japan 7k 


The International Center for Young Scientists (ICYS) of the 
National Institute for Materials Science (NIMS) is now seeking 
a few researchers. Successful applicants are expected to pursue 
innovative research on broad aspects of materials science using 
most advanced facilities in NIMS (http://www.nims.go.jp/eng/ 
index.html). 

In the ICYS, we offer a special environment that enables young 
scientists to work independently based on their own idea and 
initiatives. All management and scientific discussions will be 
conducted in English. An annual salary between 5.03 and 
5.35 million yen (level of 2012) will be offered depending on 
qualification and experience. The basic contract term is two 
years and may be renewed to one additional year depending on 
the person’s performance. A research grant of 2 million yen per 
year will be supplied to the ICYS researcher. 

All applicants must have obtained a PhD degree within the 
last ten years. Applicants should submit an application form, 
which can be downloaded from our web site, together with a 
resume (CV) and a list of publications. A research proposal on 
an interdisciplinary or integrated area related to the materials 
science should also be submitted. The application letter should 
reach the following address via e-mail or air mail by March 
29, 2013. Visit our website for more details (http://www.nims. 
go.jp/icys/). 

ICYS Administrative Office, 
National Institute for Materials Science 
Sengen 1-2-1, Tsukuba, Ibaraki 305-0047, Japan 
e-mail: icys-recruit@nims.go.jp 


FACULTY POSITIONS 


FACULTY POSITION 
University Of Florida 
Department of Geography and the 
Emerging Pathogens Institute (EPI) 


Department of Geography and the Emerging Path- 
ogens Institute (EPI) invite applications for a full-time 
position at the level of ASSISTANT or ASSOCIATE 
PROFESSOR, starting August 16, 2013. This is a 
nine-month, tenure accruing, research-oriented posi- 
tion, with a specialization in quantitative spatial and 
spatio-temporal models to address questions in infec- 
tious diseases or public health. Specialties can include 
(but are not limited to) geospatial or mathematical 
modeling for transmission of human and animal dis- 
eases, interactions between climate and disease ecology, 
relationships between socio-economics and disease risk, 
and health intervention strategies. We seek individuals 
with demonstrated success in grant activity and pub- 
lications in top journals. The successful candidate should 
possess a doctoral degree in Geography or other relevant 
disciplines and will be expected to engage deeply in the 
EPI research program while maintaining good standing 
in teaching and service to the Geography Department 
and its mission. Submit a curriculum vitae and letter of 
application describing research program and its future to 
Dr. Peter Waylen, Search Committee Chair, Depart- 
ment of Geography, University of Florida, Box 
117315, Gainesville, FL, 32611. We prefer that 
application materials be sent electronically to e-mail: 
prwaylen@ufl.edu and the application be completed 
online at website: http://jobs.ufl.edu/postings/ 
31925. All application materials must be received by 
March 15, 2013. Short-listed candidates will be con- 
tacted to provide three letters of reference. Minorities, 
women, and those from underserved groups are encouraged to apply. 
The University of Florida is an Equal Opportunity Institution. 


ASSISTANT /ASSOCIATE 
PROFESSOR of Biology 

Morris College, a private four year Liberal Arts Col- 
lege in Sumter, South Carolina, is seeking to fill the 
following position(s): Assistant/Associate Professor of 
Biology. Will teach three sections of a laboratory-based, 
general education (for non-majors), introductory biol- 
ogical sciences course. Duties also include student 
advising, committee assignments, participation in reg- 
istration, and other duties as needed. Must have a Ph.D. 
or M.S. degree in biology. Must be available for em- 
ployment in August 2013. 

Submit a letter of application, personal resume, three 
letters of recommendation, and official academic tran- 
scripts to: Director of Personnel, Morris College, 
100 W. College, Sumter, SC 29150-3599. Morris Col- 
lege is an Equal Opportunity /Affirmative Action Employer. 


The Department of Biological Sciences at Chicago 
State University (CSU) seeks applications for three 
tenure-track ASSISTANT PROFESSOR positions. 
Appointments begin in August 2013. All areas of 
biology will be considered; however, preference will 
be given to candidates in microbiology, cell biology, 
zoology, urban agriculture /aquaponics, and secondary 
education. Selected individuals are expected to establish 
a research program involving undergraduate and grad- 
uate students, supported by extramural funding. Ph.D. 
in Biology or related fields required; postdoctoral and/or 
teaching experience preferred. Only electronic appli- 
cations are accepted. Instructions are available at website: 
https://chicagostate.peopleadmin.com/postings. 
Review will start immediately and will continue until 
February 28, 2013. Reference letters (3) will be accepted 
electronically at e-mail: bhome@csu.edu. CSU is an 
Equal Opportunity /Affirmative Action Employer. 


UNIVERSITY OF HAWAII at 
Manoa Cancer Center 

ASSISTANT RESEARCHER (Cancer Biology Pro- 
gram), Position #70209, Tenure-track, Continuous— 
application review begins February 5, 2013. Refer to 
website: http://www.pers.hawaii.edu/wuh/ for com- 
plete information. The University of Hawaii is an Equal 
Opportunity /Affirmative Action Institution. Women and minor- 
ities are encouraged to apply. 


EMBL 


EMBL offers a highly collaborative, uniquely international culture. It fosters 
top quality, interdisciplinary research by promoting a vibrant environment 
consisting of young, independent researchers with access to outstanding 
graduate students and postdoctoral fellows. EMBL is an inclusive, equal 
opportunity employer offering attractive conditions and benefits appropriate 
to an international research organisation. 


Group Leader 
Membrane Protein 


Structural Biology 
at EMBL/CSSB Hamburg, Germany 


This Group Leader position will be associated with EMBL as a 
partner of the future Center for Structural Systems Biology (CSSB) 
on DESY Campus, which will allow highly interdisciplinary research 
across its members. 


State-of-the-art infrastructures for applications in Life Sciences on 
DESY Campus, Hamburg, Germany, provide a world-class 
environment for most challenging experiments in Structural Biology 
with high scientific significance. The Hamburg Unit of EMBL has built 
an integrated facility in Structural Biology with three synchrotron 
radiation beamlines for applications in macromolecular X-ray 
crystallography and small angle X-ray scattering of biological 
samples at the new PETRA Ill ring. 


The successful candidate is expected to have his/her research focus 
matching experience and research projects in membrane protein 
crystallography with medically relevant research interests, preferably 
in infection biology. It should include: 


e Innovative use of synchrotron radiation in structural biology 
e¢ Complementary “hybrid” structural biology approaches 

e Interest into Free Electron Laser applications (optionally) 

e Plans for complementary functional experiments 


The candidate will take a leading role both at CSSB and the EMBL 
Hamburg Unit. She/he should have a PhD or similar degree in a 
relevant research area, at least three years of postdoctoral 
experience and an excellent research record. 


Please apply online through www.embl.org/jobs and include a 
cover letter, CV and a concise description of research interests 
and future research plans. Please also arrange for 3 letters of 
recommendation to be emailed to references@embl.de at the 
latest by 17 March 2013. 


Interviews are planned for 22 and 23 April 2013. 


Further details on Group Leader appointments can be found under 
www.embl.org/gl_faq. 


For further information about the position and about research at 
EMBL please visit ... 


www.embl.org 


online @sciencecareers.org 
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AAAS is here — helping scientists achieve career success. 


Every month, over 400,000 students and scientists visit ScienceCareers.org in search of the information, advice, and 
opportunities they need to take the next step in their careers. 


A complete career resource, free to the public, Science Careers offers a suite of tools and services developed specifically 
for scientists. With hundreds of career development articles, webinars and downloadable booklets filled with practical 
advice, a community forum providing answers to career questions, and thousands of job listings in academia, govern- 
ment, and industry, Science Careers has helped countless individuals prepare themselves for successful careers. 


As a AAAS member, your dues help AAAS make this service freely available to the scientific community. If you’re not 
a member, join us. Together we can make a difference. 


To learn more, visit aaas.org/plusyou/sciencecareers \ AAA + U = A 


